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ABSTRACT 
 
 The US EPA utilizes the Biotic Ligand Model (BLM) when developing site-
specific water-quality criteria for copper.  The BLM was calibrated using toxicity data 
from fixed duration continuous exposures (48 or 96h LC50).  However, exposures of 
copper in natural aquatic systems typically vary in concentration, duration, and may 
occur multiple times over the life-span of an organism.  Additionally, organisms will 
experience periods in copper free water, potentially allowing them to detoxify and 
recover homeostasis. Yet, the BLM framework does not consider brief exposures (<24h), 
multiple exposures, latent responses, or organism recovery, potentially resulting in an 
inaccurate assessment of exposure toxicity.  A recently proposed physiologically-based 
addition to the BLM will extend the applicability of the framework to brief, multiple 
pulse copper exposures.  Thus, the overall goal of this research was to characterize the 
recovery of larval Pimephales promelas following episodic copper exposure at a 
biochemical, physiological, individual, and population level.     
 The response of whole-body sodium, whole-body Na+/K+-ATPase, and whole-
body carbonic anhydrase in larval P. promleas was quantified during 21d bioassays 
where organisms were exposed to single or double pulses of 50, 100, or 200µg/L Cu for 3 
or 9h durations with various recovery intervals (0, 24, 48, 96, and 144h).  Organisms 
required 48 to 96h post exposure termination to recover sodium homeostasis.  
Researchers have proposed 30% sodium loss as the critical threshold for the onset of 
mortality in adult freshwater fish; however, larval P. promlas recovered sodium 
 iii 
homeostasis and survived even when exceeding this threshold.  Recovery interval 
allowed between exposures affected the response of organisms to subsequent exposures.  
Following a second pulse, organisms that were allowed short recovery intervals (<48h) 
exhibited resistance to any further sodium loss, and organisms allowed longer recovery 
intervals (>96h) displayed an independent response, but were able to recover faster.  
Whole-body Na+/K+-ATPase and carbonic anhydrase had a poor correlation with whole-
body sodium (r2=0.0001 and 0.1025, respectively), but the carbonic anhydrase correlation 
to whole-body sodium was significant (p=0.0004).  Na+/K+-ATPase was not significantly 
affected by copper exposure, which may have been due to the dilution effect of the whole 
organism Na+/K+-ATPase concentration and brief exposure durations (<24h).  Carbonic 
anhydrase was likely involved in the inhibition of sodium uptake and the subsequent 
recovery post exposure; however, it did not assist in the protection to the second 
exposure.  
 Lethal and sublethal (growth, reproduction, whole-body sodium, whole-body 
copper) responses of P. promleas exposed for 24h to 50µg/L Cu every 4 or 9d over their 
entire life-span were observed using a life-cycle reproductive toxicity test.  Latent 
mortality was observed for 48-72h post exposure termination for larval organisms.  
Organisms were able to recover by depurating accumulated copper and compensating for 
sodium losses within 4d.  There were no significant effects on the growth of larval 
organisms; however, significant effects on juveniles and adult growth and weight were 
observed (p<0.05).  Reproduction in both copper treatments was reduced compared to 
controls, but this difference was not significant (p=0.1647).  There was no significant 
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effect on population fitness when given at least 4d to recover between pulses; however, 
any deviation (i.e. increased concentration, longer duration, shorter recovery interval) 
will increase the probability of effects to the population.  The results of this research 
stress the importance of incorporating latent responses and organism recovery when 
modeling the toxicity of multiple pulse copper exposures. 
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PREFACE 
 
 Traditional toxicology has primarily focused on calculating the response of an 
organism during a continuous toxicant exposure of a fixed duration (48 or 96h LC50).  
However, organisms typically experience fluctuating, non-steady state conditions in 
natural aquatic systems, leading to variable exposures to potentially toxic compounds.  In 
addition, organisms experience periods in uncontaminated water that provide 
opportunities to detoxify, repair damage, and regain physiological homeostasis.  
Organism recovery is a little studied area of ecotoxicology, yet the ecological 
implications are substantial.  Few researchers have characterized the ability of an 
organism to recover or the potential energetic costs recovery may have on population 
fitness.  
 This dissertation consists of a literature review and three journal articles.  The 
literature review (Chapter 1) discusses the role of organism recovery in ecotoxicology 
from an episodic exposure context; focusing on the factors that affect recovery, the 
impact of recovery at an ecosystem level, and the need for recovery in criteria 
development.  The first journal article (Chapter 2) characterizes the physiological 
recovery of larval Pimephales promelas following brief single and double pulse copper 
exposures using whole-body sodium.  The second journal article (Chapter 3) determines 
the involvement of two biochemical enzymes, Na+/K+-ATPase and carbonic anhydrase, 
in the recovery of whole-body sodium post copper exposure.  The final journal article 
(Chapter 4) evaluates the effects of chronic multiple pulsed copper exposures over the 
 xvi 
life-span of an organism on P. promelas fitness, using the minimum 4d recovery interval 
determined from Chapter 2. 
 1 
CHAPTER 1: 
 
ROLE OF ORGANISM RECOVERY IN ECOTOXICOLOGY:  
 
A REVIEW  
 
 
EPISODIC EXPOSURES 
 
 
Contaminant exposures in the aquatic environment are typically transient in 
nature.   Spatial and temporal contaminant variability in a receiving body of water is 
controlled by discharge patterns, hydrologic fluctuations, physio-chemical interactions 
with the ambient water, and chemical characteristics of the toxicant (Katznelson et al. 
1995; Louch et al. 2003; Guo et al. 2004; Balistrieri et al. 2007).  These factors often 
result in short exposures at high concentrations or long exposures at low concentrations, 
and may be repeated over time (Richards and Baker 1993; Reinert et al 2002; Leu et al. 
2004). 
Traditional ecotoxicology experiments rely on controlled exposure regimes with 
continuous fixed duration and constant concentrations (Pascoe and Edwards 1989; 
Widianarko et al. 2001).  However, the physical, chemical, and biological factors that 
affect contaminant exposures indicate that non-steady state, variable conditions occur 
under most natural exposure scenarios.  In fact, research of the interactions between 
contaminant concentration and exposure duration has increased in the past two decades, 
to address these issues.  Many researchers have identified the need for more ‘realistic’ 
exposure conditions, mimicking natural episodic exposures (Pascoe and Shazili 1986; 
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Pascoe and Edwards 1989; Handy 1994; Solomon et al. 1996; Hosmer et al. 1998; Naddy 
et al. 2000, Widianarko et al. 2001; Reinert et al. 2002).   
       
Episodic Exposure Factors 
 
Episodic exposures in natural systems can be defined as fluctuating or pulse 
contaminant concentrations entering a receiving body of water that includes a period in a 
sub-lethal or non-toxic environment (Hickie, et al. 1995; Widianarko et al. 2001).  Three 
abiotic conditions that affect the toxicity of a contaminant exposure include: magnitude, 
duration, and frequency of events combined with recovery periods (Figure 1.1).  
The toxicity of a contaminant to an organism is defined by its concentration and 
duration at the biologically active site (Parsons and Surgeoner 1991; Naddy et al. 2000; 
Zhao and Newman 2004; Cedergreen et al. 2005; Beketov et al. 2008).  Over the last 
several decades, both of these factors have been recognized as important in determining 
the response of the organism.  However, traditional toxicity tests have primarily focused 
on the response of an organism continuously exposed to a series of concentrations with a 
fixed duration (e.g., 48 to 96h LC50/EC50 values).  Little attention has been given to the 
effect of varying durations.   
There are differing opinions on whether concentration or duration of these events 
is more important.  Several studies have found that concentration is the controlling factor 
for toxicity (Curtis et al. 1985; Zhao and Newman 2006; Hoang et al. 2007; Beketov et 
al. 2008).  But duration of the exposure has also been found to influence the ultimate 
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response (Pascoe and Shazili 1986; Jarvinen et al. 1988; Heming et al. 1988; Hosmer et 
al. 1988; Parsons and Surgeoner 1991; DeWalle et al. 1995; Handy 1995; Williams and 
Holdaway 2000; Naddy and Klaine 2001; Zhao and Newman 2004; Diamond et al. 2005; 
Hoang et al. 2007).  Toxicity test methods have been found to overestimate the duration 
of an exposure required for a contaminant concentration to exert its effects, which is 
likely due to the controlled fixed duration (Abel 1980; Anderson and Shubat 1984; Abel 
and Garner 1986; Pascoe and Shazili 1986; Zhao and Newman 2004).  Recently the 
importance of considering the frequency and recovery interval in toxicity testing has been 
shown (Naddy and Klaine 2001; Diamond et al. 2005; Diamond et al. 2006; Bearr et al. 
2006; Hoang et al. 2007; Hoang and Klaine 2008).  Several researchers have found that 
during multiple pulsed toxicant exposures, the survival of aquatic organisms was 
significantly influenced by the amount of time allowed between pulses (Naddy and 
Klaine 2001; Diamond et al. 2005; Bearr et al., 2006; Zahner et al. 2006; Diamond et al. 
2006; Hoang et al. 2007; Hoang and Klaine 2008).  Ultimately, it is probably the complex 
interaction of all the factors that determines the response (Green et al. 1988; Lozano et al. 
1992; Solomon et al. 1996; Newman and McCloskey 1996; Naddy et al. 2000; Milne et 
al. 2000; Diamond et al. 2005; Zahner et al. 2006; Hoang et al. 2007; Pistole et al. 2008), 
but the effect of recovery will be the focus of this discussion.  
 
 
 
 
 4 
Episodic Exposure Toxicity 
 
There are many studies evaluating the effects of pulse exposure regimes.  Each 
study focuses on a different chemical under a different exposure scenario (varying 
combinations of magnitude, duration, and frequency), and only a few include continuous 
exposure controls for comparison (Table 1.1).  Further, many laboratory studies 
evaluating the toxicity of continuous versus pulsed exposures fail to keep the doses equal 
(e.g. investigators modify exposure duration without changes to contaminant 
concentrations, resulting in unequal dosing regimes) (Handy 1994).  Thus, it is difficult to 
determine whether an episodic exposure has the same toxicity as the equivalent dose in a 
continuous test.   Three definitions of toxicant concentrations for episodic exposures are 
presented by Handy (1994): (a) the “mean test concentration” (MTC) is the mean 
concentration calculated for the entire test duration (including recovery times), (b) the 
“mean exposure concentration” (MEC) is the mean concentration calculated for exposure 
periods only (ignores recovery periods), and (c) the “peak concentration” is the highest 
concentration reached in each exposure profile.  Therefore, the lethality estimate that is 
calculated is dependent upon which definition is used.  The varying exposure regimes 
chosen in the literature make it difficult to determine whether episodic exposures are 
generally more or less toxic than the conventional continuous exposures. 
Episodic exposures are typically found to be less toxic than a continuous exposure 
with the same “peak concentration” of a contaminant; so episodic exposures tend to have 
a higher LC50 value than the continuous exposures (Pascoe and Shazili 1986; Jarvinen et 
 5 
al. 1988; Handy 1994).  However, some toxicants were found to be much more toxic 
during episodic regimes rather than continuous exposures, even if the MTC was equal to 
or lower than the continuous.  The increased toxicity was likely due to higher peak 
concentrations for a short period of time.  For example, Buhl et al. (1993) saw an increase 
in toxicity of bromoxynil when exposed episodically.  The 24h average concentration 
(MTC) was equal to the continuous exposure concentration; however, the peak 
concentrations were three times higher than the MTC (duration=15.3h).  The higher peak 
concentrations may cause a different effect due to the uptake and elimination kinetics of 
an organism.  
 Table 1.1 lists studies that found a contaminant to be more or less toxic when 
exposed episodically, rather than continuously.  It is important to note that there are many 
more episodic exposure studies than those listed in Table 1.1; however, those studies did 
not have a comparable continuous exposure control.  Some toxicants and species were 
found to be both more and less toxic when exposed episodically (copper and fenvalerate; 
Daphnia magna, Salmo gairdneri, Gammerus pulex, Jordanella floridae, Chironomus 
riparius, respectively).  This may have been due to the exposure regime chosen.  Several 
researchers suggested that the toxicants would have been considered less toxic when 
exposed episodically if they had chosen a different exposure regime or given a longer 
time in uncontaminated water between exposures (copper, Seim et al. 1984; fenvalerate, 
Curtis et al. 1985; bromoxynil, Buhl et al. 1993).  Similarly, toxicants could have been 
more toxic if the episodic exposure concentrations were higher and/or durations were 
longer or if the recovery times were shorter.  Several studies suggested that if the 
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organisms did not reach their toxic thresholds, then episodic exposures were less toxic if 
given an adequate recovery time (Curtis et al. 1985; Handy 1995; Kallander et al. 1997; 
Naddy et al. 2000; Diamond et al. 2006; Hoang et al. 2007; Hoang and Klaine 2008). 
 
RECOVERY 
 
Post-Exposure Responses 
  
 Episodic exposure testing regimes are not only useful in determining whether the 
estimates of traditional toxicity tests (lethal concentration causing 50% mortality; LC50) 
accurately predict natural exposures, but also to characterize post-exposure responses.  
Conventional continuous toxicity tests terminate observations of organism responses at 
the end of the exposure time.  However, investigators may be missing crucial information 
on latent responses and possible recovery.  Most natural exposure scenarios follow an 
episodic regime, thus it is likely that the organisms will have a period of time in 
uncontaminated water (Figure 1.1).  During this post-exposure period, organisms may 
either continue to deteriorate or recover depending on whether they have exceeded their 
critical toxicity threshold (Pascoe and Shazili 1986; van der Hoeven and Gerritsen 1997; 
Milne et al. 2000; Naddy and Klaine 2001; Reinert et al. 2002; Hoang and Klaine 2008).  
Thus, a post-exposure observation period in uncontaminated water should be included in 
conventional toxicity testing to examine latent effects and organism recovery (Hansen 
and Kawatski 1976; Anderson and Shubat 1984; Seager and Maltby 1989; Parsons and 
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Surgeoner 1991; Brent and Herricks 1998; Zhao and Newman 2004; Hoang and Klaine 
2008). 
 Post-exposure latent effects have been documented in episodic exposure studies 
(Hansen and Kawatski 1976; Abel 1980; Anderson and Shubat 1984; Abel and Garner 
1986; Pascoe and Shazili 1986; Gunn and Noakes 1987; Parsons and Surgeoner 1991; 
Holdway et al. 1994; Brent and Herricks 1998; Cold and Forbes 2004; Zhao and 
Newman 2004; Diamond et al. 2005; Hoang and Klaine 2008).  For example, Zhao and 
Newman (2004) demonstrated the importance of post-exposure observations in a study 
characterizing the latent mortalities of amphipods (Hyalella azteca) when exposed to 
copper sulfate (CuSO4) and sodium pentachlorophenol (NaPCP).  CuSO4 treatment saw 
an increase in mortality of 15-35% during post-exposure periods, where as the NaPCP 
had no significant increase in mortality.  Pteronarcys dorsata exhibited a similar increase 
in mortality when exposed to flucythrinate (10-70%, 72 and 24h exposure, respectively, 
followed until 96h post-exposure) (Anderson and Shubat 1984).  Ceriodaphnia dubia, H. 
azteca, and P. promelas experienced immobility that continued for up to 172h following 
exposures to cadmium and zinc for 4h (Brent and Herricks 1999).  Pascoe and Shazili 
(1986) also observed similar latent effects when rainbow trout were exposed briefly to 
cadmium.  Gunn and Noakes (1987) found a decrease in length, whole-body ions, 
calcified skeletons, and predation ability of trout exposed as embryos to aluminum and 
low pH for 5 days.  Conversely, latent responses were not observed for D. magna 
exposed to chlorpyrifos (Naddy et al. 2000), fish exposed to ammonia (Milne et al. 2000), 
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fish exposed to copper (Diamond et al. 2006; Bearr et al. 2006), or D. magna exposed to 
copper.   
 The amount of latent mortality in these studies was dependent on the nature of the 
toxicant, exposure concentration, and exposure duration.   Thus, toxicity may be 
underestimated using the conventional LC50/EC50 testing methods if post-exposure 
observations are not included.  Post-exposure mortality, if significant enough, may result 
in a population going locally extinct.  Therefore, when relating laboratory effects to those 
in the field, latent effects should be taken into account (Gunn and Noakes 1987; Zhao and 
Newman 2004; Diamond et al. 2005).  
 If the exposure does not exceed the critical threshold of an organism resulting in 
mortality, then the organism has the potential to recover.  Episodic exposures may affect 
the response of an organism due to its’ ability to detoxify, eliminate, acclimate, and/or 
recover from contaminant exposures during periods in uncontaminated water (Wright 
1976; Pascoe and Shazili 1986; Naddy and Klaine 2000; Reinert et al. 2002).   Recovery 
from single and multiple pulse exposure scenarios has been documented in laboratory 
studies using organic and inorganic contaminants.  Table 1.2 provides the exposure 
regimes of forty selected laboratory recovery studies published in the literature.  If 
recovery was not discussed directly in the reference cited, it was inferred by the authors 
of this review from data presented in those studies (*).  For example, Zahner et al. (2006) 
found that larval fathead minnows exposed to acute single copper pulses at or below the 
48h LC50 could physiologically recover if given time in a copper-free environment.  
Naddy et al. (2000) also demonstrated that D. magna were able to recover from 
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chlorpyrifos toxicity if given a sufficient time between exposure events (~3 days).  There 
have also been studies in which a pulse exposure did not result in recovery, possibly due 
to slow depuration rates or irreversible effects.  For example, Buhl et al. (1993), found 
that D. magna growth and reproduction were adversely affected over 28d when exposed 
to 20 µg/L bromoxynil pulses as compared to continuous 40 and 80 µg/L exposures.  An 
investigation of the effects of pulse exposures of five insecticides on mosquito larvae 
resulted in similar findings (Parsons and Surgeoner 1991).  Mosquito larvae were not able 
to recover when exposure durations were greater than 8h.  However, both studies 
concluded that either irreversible toxic affects were occurring or there was not a 
sufficient recovery time allowed.  
 
Recovery Defined 
  
 Research has demonstrated that recovery from a toxicant exposure can occur, both 
during and following an exposure (Table 1.2).  However, what defines organism or 
population “recovery” has not been established in the scientific literature.  The topic of 
recovery in toxicology became important in the early 1980s and has been suggested in the 
literature over the past decade.  Ecotoxicologists have demonstrated “recovery” in many 
ways from the ecosystem level down to the molecular.  Recovery at the ecosystem level 
has been given the greatest amount of attention (for reviews of stream recovery case 
studies see Niemi et al. 1990; Yount and Niemi 1990; and Detenbeck et al. 1992), likely 
due to the ultimate goal of ecotoxicology, which is to protect the ecosystem.  Despite the 
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large volume of literature on ecosystem recovery, there is no uniform definition 
recognized.  However, using the large-scale framework of an ecosystem, we can attempt 
to define ‘recovery’ and apply this to lower system levels. 
 Ecosystem disturbances, such as contamination, can alter both the structure and 
function of an ecosystem.  But aquatic ecosystems are known to be resilient and may 
return to normal functioning rapidly regardless of large changes in structure (Yount and 
Niemi 1990; Chesser and Sugg 1996; Pratt and Cairns 1996).  During remediation of 
contaminated sites, the goal of managing the ecosystem is to preserve stability, as well as 
structure and function (Chesser and Sugg 1996).  Recovery at the individual level can be 
viewed in a similar context.  Organisms are resilient and have been shown to have the 
ability to recover following exposure to toxicants (Table 1.2).  Thus, like ecosystems, 
recovery of an organism can be equated to the preservation of stability, as well as 
structure and function; also known as homeostasis.  Zhao and Newman (2006) state that 
if given enough time, the organism could recover to a state similar to their original 
toxicant resistance state.  However, like ecosystems, organisms are in a dynamic state, 
thus, a ‘pre-disturbance state’ may not be applicable to evaluating recovery (Yount and 
Niemi 1990; Beyers et al. 1999).  Organisms may find a new ‘homeostasis’ at which they 
can function.  Gunn and Sandoy (2003) suggested a reference data approach should be 
used; recovery could be assessed by comparing the disturbed ecosystem to a typical 
undisturbed ecosystem in that region.  Hence, using a statistical approach, recovery could 
be defined as ‘the point at which the exposed organisms are no longer significantly 
different from control (also known as reference or baseline) values’.  This allows for 
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natural changes in individual over time to be incorporated into the responses of 
contaminant-exposed organisms.  Many researchers have already employed this 
technique to analyze recovery data (Yount and Niemi 1990; van den Brink et al. 1996; 
Sancho et al. 2003; Zahner et al. 2006; Caquet et al. 2007).  
 
Factors Affecting Recovery 
  
 Classic ecotoxicology research has focused on the response of an organism to a 
toxicant.  Many factors have been found to influence the response of an organism to a 
toxicant exposure, including the intensity of the exposure (concentration x duration), 
uptake/elimination kinetics, mode of action, and organism tolerance.  However, what 
occurs after the exposure has ended has been largely ignored in toxicology.  The ability 
of an organism to recover from a toxic response is dependent upon three factors (Figure 
1.2): (i) intensity of exposure (concentration x duration), (ii) reversible mode of action 
and (iii) sufficient recovery time.  Recovery is toxicant specific, thus, recovery can only 
occur if the organism has not reached its critical toxic threshold and the toxic action is 
reversible within the time allowed for recovery. 
 (i) Intensity of Exposure.  The ability of an organism to recover, as well as rate of 
recovery from a pulsed exposure is influenced by the exposure concentration and 
duration (Green et al. 1988; Solomon et al. 1996; Sancho et al. 2003).  The toxicity of a 
contaminant is largely determined by its concentration at the site of action.  Thus, the 
intensity of the exposure will determine how much damage the toxicant is able to inflict 
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on an organism during both the exposure and post-exposure periods.  When toxicant 
accumulation at the site of action exceeds the organism’s tolerance (critical threshold), 
they will not be able to reverse the damage and will likely die (Figure 1.2) (Jensen et al. 
1977; van der Hoeven and Gerritsen 1997; Milne et al. 2000; Naddy and Klaine 2001; 
Reinert et al. 2002; Hoang and Klaine 2008).  Thus, the ability of an organism to recover 
from an intense pulse is a dependent upon whether their critical toxic threshold has been 
reached.   
 Hoang and Klaine (2008) suggested that D. magna exposed intermittently to 
selenium became exhausted and died when Se accumulation exceeded their tolerance 
(Table 1.2).  A similar result was found when D. magna were exposed intermittently to 
chlorpyrifos (Naddy and Klaine 2001).  However, in both studies D. magna were able to 
recover when exposure concentrations were low and durations were short, indicating they 
had not reached their critical toxic threshold during those exposure scenarios.  Parsons 
and Surgeoner (1991) also characterized the critical threshold for mosquito larvae 
exposed to five insecticides.  Once the exposure duration exceeded 8h, the larvae were 
unable to recover and continued to die.  McHenery and Davies (1996) also found a 
duration-based toxic threshold (>6h) for lobster exposed to dichlorovos.  
 (ii) Reversible Mode of action.   If an organism has not exceeded its critical toxic 
threshold following a pulsed exposure, the organism may potentially recover if the 
toxicant mode of action is reversible (Figure 1.2).  If the mode of action of a toxicant is 
irreversible, then the organism may have no chance at regaining homeostatic control.  
 Kallander et al. (1997) demonstrated recovery of midge mobility following 
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multiple pulsed exposures to the carbamate insecticide carbaryl.  Inhibition of the 
acetylcholinesterase (AChE) activity is the mode of action for carbamate insecticides, 
resulting in paralysis and immobility.  The authors demonstrated that the recovery of the 
insect mobility was due to the reactivation of AChE enzyme activity within 6h following 
both exposure 1 and 2.  However, mobility did not recover following exposure to 
organophosphates (OP), parathion, malathion, and fenitrothion, also known AChE 
inhibitors (Parsons and Surgeoner 1991; Kallander et al. 1997) (Table 1.2).  The 
investigators attributed the lack of recovery to the irreversible toxic action of OPs on 
AChE inhibition, which differs slightly from carbamates.  Similar research has 
demonstrated the influences of toxic mechanisms on organism recovery (copper, Zhao 
and Newman 2006; selenium, Hoang and Klaine 2008; S-metolachlor, Vallotton et al. 
2008; Irgarol and copper, Macinnis-Ng and Ralph 2004; dimethoate and primicarb, 
Andersen et al. 2006; herbicides, Cedergreen et al. 2005; zinc, Lappivaara et al. 1995; 
chlorpyrifos, van der Hoeven and Gerritsen 1997; atrazine, Solomon et al. 1996; 
cadmium, Pascoe and Shazili 1986).  
 (iii) Recovery Time.  For multiple pulses, the amount of time allowed in 
uncontaminated water between pulsed exposures influences the probability of recovery.  
When the interval between pulses is long enough, organisms may depurate the toxicant, 
compensate effects and ultimately recover homeostasis (Hoang et al. 2007).  Many 
researchers have found that as the recovery interval increases, the toxicity of pulsed 
exposures decreases (Table 1.2) (Reader et al. 1991; Zhao and Newman 2006; Hoang et 
al. 2007).  Further, the time allowed between exposures may potentially determine 
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whether the response to the first pulse will affect responses to subsequent pulses 
(Solomon et al. 1996; Reinert et al. 2002).   
 Hoang and Klaine (2008) and Hoang et al. (2007) found that D. magna pulse 
exposed to various metals resulted in independent toxic effects if given adequate time in 
metal-free water.   In general, longer recovery times between pulsed exposures resulted in 
fewer effects (Table 1.2).  This is in agreement with what Zhao and Newman (2006) 
found for Hyellela azetca pulse exposed to copper and sodium pentachlorophenol, Naddy 
et al. (2000) found for D. magna pulse exposed to chlorpryifos, Vallotton et al. (2008) 
found for algae pulse exposed to S-metolachlor, Widianarko et al (2001) found for guppy 
pulse exposed to zinc, and Diamond et al. (2006) found for D. magna pulse exposed to 
copper, zinc, or ammonia (etc, Table 1.2).  In contrast, Diamond et al. (2006) found a 
decrease in survival of fathead minnow larvae pulse exposed to copper with longer 
recovery intervals (96-120h).  
 
Effects of Pulse 1 on Pulse 2 
  
 Multiple exposure responses are unique based on the response of the organism to 
the first pulse exposure and how this response influences toxicity of subsequent pulses. 
Effects from episodic exposures may be independent if the exposures are far enough 
apart and the organism has both fully recovered and not altered its physiology in response 
to the previous exposure.  In contrast, if the first exposure altered the organism fitness or 
if the organism has not fully recovered, cumulative or additive effects may occur.  Many 
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researchers agree that the key to keeping episodic exposures independent is allowing a 
sufficient recovery time (Solomon et al.1996; Zhao and Newman 2006; Hoang et al. 
2007).  In addition to these responses, organisms may experience a ‘protective’ response, 
in which a second pulse of equal or greater intensity is less toxic than the first pulse.  The 
decrease in organism response following subsequent pulses has not been considered in 
recovery literature.   
 A recent study found that organisms became less sensitive to a second pulse, 
compared to the first pulse (Hoang and Klaine 2008).  The authors suggest that the 
organisms may have become more tolerant to the contaminant exposure due to pre-
exposure to sublethal concentrations.  The observed tolerance may be due to acclimation, 
which refers to steady-state compensatory adjustments by an organism to the alteration of 
environmental conditions (can be behavior or physiological/biochemical) (Rand 1995).  
The ability of organisms to acclimate to a contaminant during an exposure or due to prior 
exposure has been demonstrated in scientific literature for many metals (for reviews on 
metal acclimation see McDonald and Wood 1993).  Stubblefield et al. (1999) 
demonstrated that rainbow trout exposed to sublethal concentrations of zinc or cadmium 
for 21d developed increases in dose-related tolerance to acutely toxic exposures (~three-
fold).  The protection acquired is fully developed within 7d of continuous exposure, but 
only lasts approximately 7d once the organism is moved to clean water (Benson and 
Birge 1985; Stubblefield et al. 1999).  Acclimation appears to be an acute compensatory 
response to polluted environments and may be initiated during pulsed exposures.  
However, the length of time the acquired protection lasts is still unknown.   
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 Allin and Wilson (2000) found that rainbow trout previously exposed to 
aluminum survived (96% survival) and recovered swimming behavior faster than fish not 
previously exposed (74% survival and no recovery of swimming behavior).  The 
response of the previously exposed fish to subsequent pulses was diminished compared to 
the initial exposure, indicating the fish were acclimated to the aluminum.  Thus, if 
compensatory mechanisms are acquired during the first pulse and are available during 
subsequent pulses, then acclimation may act as a protection mechanism for organisms in 
later exposures.  In fact, acclimation is suggested to be beneficial to organisms exposed to 
chronic toxicant stress or episodic discharges of toxicants, affording them some 
protection (Benson and Birge 1985).  Although, acclimation may not occur for all 
toxicant-organism interactions; for example, Pascoe and Shazili (1986) found that 
rainbow trout pre-exposed to cadmium did not improve their survival compared to 
controls when exposed a second time. 
 Organism recovery and acclimation to a contaminant exposure involves many 
biological processes, including detoxification and elimination, compensation of 
homeostatic mechanisms and repair of toxicant damage (McDonald and Wood 1993; 
Zhao and Newman 2006).  Hence, acclimation and recovery appear very similar 
physiologically, but their responses to subsequent pulses will be different.  When an 
organism is able to completely recover (regain homeostasis) during a period in 
uncontaminated water, then the response to subsequent pulses should be independent 
(pulse 2 response = pulse 1 response).  Whereas, when an organism has acclimated 
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during a prior exposure, then the response to subsequent pulses should be protective 
(pulse 2 response < pulse 1 response).    
  A tolerantly skewed distribution may also explain the increased tolerance and 
decreased response of organisms following multiple exposures.  The resultant response 
following each exposure will decrease if the weaker organisms are removed and the 
stronger organisms remain.  In theory, if a population at the initiation of the second pulse 
has a greater tolerance to a toxicant exposure, then they have a greater probability of 
surviving than the population at the initiation of the first pulse.  
 This theory may explain the decreased sensitivity in response of D. magna 
following a second pulse of selenium demonstrated by Hoang and Klaine (2008).  The 
authors found that mortality from a second pulse was lower than mortality from the first 
pulse.  They suggested that this might be the result of an increased tolerance due to 
acclimation.  However, this could also be explained by a tolerantly skewed distribution.  
The response of an unexposed natural population tends to be normally distributed (the 
bell-shaped curve).  At the initiation of the first pulse, individuals are normally 
distributed around the mean; thus, in theory, there are an equal proportion of more and 
less sensitive individuals (number of tolerant individuals = number of weak individuals).  
During and following the first pulse exposure, weaker individuals will likely die after 
exceeding their lower toxicant threshold.  The surviving individuals will likely have a 
higher toxicant threshold.  So the remaining individuals are more tolerant to the toxicant 
exposure, therefore, they will be able to survive and recover following the first pulse.  At 
the initiation of the second pulse, the population is skewed to a distribution that is more 
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tolerant of the toxicant; thus, there is a greater proportion of less sensitive individuals 
(number of tolerant individuals > number of weak individuals).  Therefore, the 
individuals will have a greater probability of surviving at the initiation of the second 
pulse than the first pulse because there are a greater proportion of tolerant individuals.  
The only way to determine whether the increased tolerance is due to acclimation, skewed 
distribution, or both, would be to characterize the exposure using physiological or 
biochemical endpoints, which is rarely utilized in recovery studies. 
 
Metabolic Costs of Recovery 
  
 The physiological response of an organism to a contaminant is associated with a 
metabolic cost.  Scope for growth, known as the energy available for production (both 
somatic and reproductive), is a common measurement of the energetic cost of 
environmental stress (Brafield and Llewllyn 1982; Heath 1987; Lawrence et al. 2003).  
Scope for growth suggests that individuals require a finite amount of energy to complete 
several necessary maintenance processes, and when energy is in excess the surplus is 
used for growth and reproduction.  If organisms are exposed to a chemical stressor, the 
organism will engage homeostatic mechanisms in an attempt to restore equilibrium 
(Brafield and Llewllyn 1982; Heath 1987; Beyers et al. 1999; Lawrence et al. 2003).  
This reaction results in an energetic trade off by the organism.  When recovering from a 
physiological disturbance, the fish will increase energy allocation to maintenance and 
repair in an effort to regain homeostasis.  This reallocation will result in a metabolic cost 
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and without an equivalent rise in energy ingested, excess energy consuming processes, 
such as growth and reproduction, will be affected (Brafield and Llewllyn 1982; Heath 
1987; Lawrence et al. 2003). 
 The physiological energetics of aquatic organisms recovering from pulsed 
exposure may be compromised depending on the intensity of the exposure (amount of 
damage done) and the subsequent response of the organism (amount of repair required) 
(Beyers et al. 1999).  Since all physiological activities require energy, the organism’s 
energetically expensive compensatory response may translate into effects on growth, 
reproduction, and survival at both the individual and population levels (Widdows and 
Donkin 1991).  Further, energy reserves can be depleted when exposed to multiple 
stressors over a life-time, such as episodic exposures, thereby reducing the ability to 
maintain homeostasis when exposed to subsequent stressors (Beyers et al. 1999).  
McGeer et al. (2000) characterized the energetic costs of rainbow trout chronically 
exposed to cadmium, copper, and zinc.  Rainbow trout demonstrated disturbance and 
recovery of physiological endpoints during the exposure to all three metals; however, the 
physiological mechanisms aiding in compensation and recovery resulted in an associated 
metabolic cost.  The fish demonstrated an increased demand for food, suggesting an 
increase in metabolic load.  The authors suggested the increased metabolic demand was 
likely due to elevated enzyme activities to compensate for physiological damage.  Pistole 
et al. (2008) found a similar response when chronically exposing fathead minnows to 
several metals.  The metabolic rate of the exposed organisms was dependent upon the 
concentration and duration of the metal exposure.  These results suggested that the 
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organisms had a greater metabolic demand due to the need for defense mechanisms to aid 
in compensation.  Organisms have demonstrated a metabolic cost to regaining and 
maintaining homeostasis during an exposure.  Thus, there will be an assumed energetic 
cost to an organism regaining and maintaining homeostasis during a recovery period.  
Further, multiple exposures may result in cumulative energetic costs for an organism, 
ultimately resulting in effects on individual and population fitness. 
 
RECOVERY IN CRITERIA 
 
Point and Non-point Discharges 
 
 The need for rapid, cost-effective, and standard assessments of contaminants in 
point and non-point discharges led to the development of aquatic toxicity tests, such as 
whole effluent toxicity (WET) tests (Heber et al. 1996).  Traditional toxicity test methods 
use constant contaminant concentration over a fixed continuous acute (48 or 96h) or 
chronic (7-21d) duration to estimate the toxicity of a contaminant to an instream 
population.  The endpoints are usually survival, and growth or reproduction for acute and 
chronic tests, respectively.  From these data the LC50/EC50 (concentration resulting in a 
toxic response by 50% of the population) values are calculated.  Results of these 
standardized procedures are used for criteria development and compliance for point 
source dischargers, as well as usage recommendations for non-point chemical release.  
However, these methods do not adequately simulate a natural exposure scenario where 
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contaminant concentrations may vary spatially and temporally, and may not be protective 
of the aquatic ecosystem.  
 Traditional testing methods have become an important measure of toxicity for 
point source pollution.  It has aided in the development of a conservative criteria and 
effectively reduced the toxic effects on many receiving streams.  However, these methods 
have been criticized due to their many limitations, such as using single species tests, not 
considering factors other than concentration, limitation on numbers and types of species 
utilized, ignoring physical and chemical characteristics of ambient water, ignoring 
sediment, and focusing on lethality rather than non-lethal measures (Buikema et al. 1982; 
Levin et al. 1984).  The potential hazard of a toxicant in the environment is dependent 
upon the toxicity and exposure (Fairchild et al. 1992).  The toxicity is due to the chemical 
structure and can be estimated using controlled laboratory protocols, but the exposure is 
dependent upon the chemical interaction with the toxicant, ambient environment and the 
organism.  Thus, traditional testing methodologies need to evolve to consider chemical 
(biotransformation, degradation, sorption), physical (dilution, dispersion, fluctuations in 
condition), and biological realism (acclimation, recovery).    
 Many researchers agree that the ability of the toxicity tests, such as WET tests, to 
predict effluent effects on every receiving stream is questionable (Pascoe and Shazili 
1986; Dickson, et al, 1992; Handy 1994; Waller et al., 1996; Diamond, et al., 2000).  
Diamond & Daley (2000) characterized the relationship between standardized WET test 
endpoints and in-stream conditions as measured by upstream and downstream benthic 
macro-invertebrate assessments for 250 dischargers across the United States.  They found 
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a 50% probability of a false positive (toxicity predicted where no impairment was found) 
and a 20% probability of a false negative (no toxicity predicted where impairment was 
found).  The WET tests were most predictive under conditions where the effluent 
constituted > 80% of the stream volume, which characterized approximately 40% of the 
sites.  However, this resulted in an inaccurate estimate for 60% of the sites, which 
included those that had sporadic inputs (Waller et al. 1996; Diamond and Daley 2000).  
The results of these and other studies recommend that exposure information such as, 
frequency and duration, recovery intervals, dilution, and post-exposure responses should 
be incorporated into toxicity testing guidelines to help account for discrepancies between 
observed biological impairment and predicted WET (Wright 1976; Pascoe and Shazili 
1986; Naddy et al. 2000).  Thus, both traditional toxicity tests are likely not protective of 
most point and non-point source discharges. 
 
Recommendations 
 
 In the recovery literature, researchers discuss the limitations to the current 
methods of criteria development and compliance monitoring.  There are several 
recommendations repeated throughout the literature on how to improve the accuracy of 
toxicity estimates and criteria development.  The necessity of utilizing these three factors 
in improving the accuracy of episodic exposures toxicity estimates are also demonstrated 
in the following chapters.  Several of those key recommendations are listed here to 
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present the requirements necessary to improve decision-making for natural exposure 
scenarios.  
(i) Improved Test Methods.  Traditional methodology is limited by the structured 
testing regimes that focus only on concentration-response relationships and ignore other 
influential factors, such as varying durations, multiple exposures, recovery intervals and 
post-exposure observations.  The concept of episodic exposure testing has gained 
recognition over the past two decades, although, it is still not utilized or emphasized in 
traditional testing scenarios.  The use of episodic parameters, such as frequency and 
recovery interval, in testing of contaminants will improve the ability of regulators to 
make informed decisions on criteria.  It will also determine whether traditional tests are 
adequate for estimating the risk to a receiving system during acute events.  Integration of 
these parameters into traditional testing procedures will also help decrease the uncertainty 
associated with environmental risk assessments (Pascoe and Shazili 1986; Naddy, et al. 
2000).  
Clark et al. (1987) studied the effects of pulse (8-12h) and continuous (96h) 
exposures of fenthion to estuarine invertebrates to determine if laboratory LC50 
experiments accurately reflected effects found in similar field experiments.  The authors 
concluded that LC50 estimates accurately predict field exposures >24h, but 
overestimated toxicity for shorter field exposure durations of <24h.  In addition, pulsed 
laboratory exposures were more predictive of lethal and non-lethal responses in field 
exposures.  Baughman et al. (1989), using a similar exposure regime with fenvalerate, 
also found that pulsed (6h) laboratory exposures more accurately estimated field toxicity 
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than continuous exposures (96h).  The pulse laboratory exposures were more accurate 
because the organisms in the field were exposed to contaminant for less than 24h, which 
was best represented by the pulsed exposure regimes.  Fairchild et al. (1992) also found 
that traditional single-species laboratory tests were not capable of predicting indirect 
community responses to pulsed exposures of esfenvalerate that occurred in the field.  
Therefore, taking into account all factors that affect exposures resulted in a more accurate 
estimate of natural exposures.  
Several researchers have developed testing methods to characterize the influence 
of post-exposure effects on traditional LC50/LT50 measurements.  Hansen and Kawatski 
(1976) applied a 24h post-exposure period to traditional testing protocols, to observe 
changes in mobility and mortality of macroinvertebrates exposed to several pesticides for 
24 or 72h.  Latent mortality, as well as recovery of mobility was documented during the 
post-exposure observation period, proving the utility of the procedure.  The post-
exposure observation period substantially improved the routine toxicity tests by 
increasing the accuracy of latent toxicity and recovery quantification.  Several other 
researchers have also improved upon this technique by adding the post-exposure period 
effects to the mortality estimates (Abel 1980; Pascoe and Shazili 1986; Brent and 
Herricks 1999).  
 (ii) Time to Recovery.  Knowledge of the time at which recovery occurs would be 
extremely useful in criteria development.  This would provide vital information on how 
much time is required between pulses in order to keep them independent and cause 
minimal toxicity to the in-stream community.  However, no research has investigated the 
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appropriate length of recovery time required between exposures to reduce the risk to the 
individual.   
A molecular, biochemical, or physiological response of organisms following an 
exposure is vital to better understanding the minimum recovery time required.  Most 
researchers use traditional ecotoxicology endpoints such as survival, reproduction, or 
behavior to demonstrate that recovery has happened.  However, this is a generalized 
vision of what is occurring, it only tells us that the animal has recovered.   Molecular, 
biochemical, or physiological indicators would be required to illustrate the time point at 
which recovery actually occurs and the length of time that the acquired recovery 
mechanism lasts.  As a result the appropriate recovery interval needed between 
exposures, to reduce the risk of toxicity, could be calculated.  
 The mode of action is often used as a biomarker of exposure and effect; therefore, 
in theory, the mode of action could be used to document recovery following an exposure.  
Kallander et al. (1997) provides a great example of the use of the mode of action as a 
biomarker of effect and recovery.  Chironomus riparius became immobile following two 
1h pulsed exposures to 40µg/L carbaryl, a carbamate insecticide.   During the 24h 
recovery periods, following the exposures, the midges were able to regain mobility.  
From these behavioral observations, the authors could suggest a 24h recovery period is 
required to keep exposures independent.  However, when organism recovery was 
assessed using AChE activity, the mode of action for carbaryl, the researchers determined 
that organisms were physiologically recovered within 6h post-exposure.  Thereby, 
reducing the suggested recovery period by 75%.   Zahner et al. (2006) also demonstrated 
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the use of a mode of action as an indicator of effects and recovery of larval fathead 
minnow pulse exposed to copper.  Rather than using the traditional endpoint of mortality, 
which would only provide information that recovery occurred, the authors used the 
mode-of-action (whole-body sodium loss) to illustrate actual recovery time. 
 (iv) Modeling.  There are a wide range of possible episodic exposure regimes 
when including duration and frequency in testing methodologies.  There is no 
combination of regimes (concentration x duration x frequency) that will cover all possible 
pulse-discharge scenarios.  Further, those experiments would be extremely expensive and 
time consuming (Meyer et al. 1995).  A more cost-effective way to include episodic 
exposure parameters in regulatory decisions is to produce models that will predict pulse 
exposures effects, including latent mortality and recovery.   
 Models have been developed that account for variability in WET tests to a known 
chemical (Warren-Hicks et al. 2000), concentration-response relationships and bio-
accumulation-response relationships (Connolly 1985; Hickie et al. 1995).  However, the 
parameters evaluated did not include important episodic exposure parameters, such as 
duration, frequency, latent mortality, and/or organism recovery. There have been several 
toxico-kinetic models proposed or developed to integrate toxicity test results, time-
varying parameters and/or organism kinetics (Mancini 1983; Wang and Hanson 1985; 
Breck 1988; Hickie et al. 1995; Legierse et al. 1999; Lee et al. 2002a; Lee et al. 2002b; 
Paquin et al. 2002; Butcher et al. 2006; for a brief background on pulsed exposure models 
see Reinert et al. 2002).      
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 Mancini (1983) developed a toxico-kinetic based model that uses existing 
bioassay data to estimate effects of time-varying exposures.  This model accounts for the 
processes and exposure factors, which interact to determine the time of mortality of an 
individual organism after exposure to a toxicant. When tested with pulsed zinc exposure 
data, the Mancini model produced a good agreement between predicted and observed 
mortality; but did not account for recovery or latent effects. Breck (1988) used the 
Mancini model to consider rates of damage and repair, instead of uptake and elimination.  
The “damage-repair” model calculates death as occurring when some level of damage is 
reached (critical threshold).  This allows the user to apply the Mancini model to stressors 
that cannot be bioaccumulated, such as pH and temperature. The Breck model also 
agreed well between predicted and observed LC50s of five inorganic and five organic 
toxicants.  
 Several authors have taken the Mancini and Breck models a step further to 
consider the accumulation and damage at the site of action (Legierse et al. 1999, Lee et 
al. 2002b, Butcher et al. 2006).  Butcher et al. (2006) created a semi-empirical model that 
interprets organism response to toxicants as a function of exposure concentration and 
duration.  This model is unique because it describes the time history of mortality rather 
than the traditional end-of-test net response.  This adjustment allowed the effect of 
recovery time between exposures to be integrated into the calculation of organism 
response.  This model considers two-compartments, one for internal concentration as a 
function of exposure and one for site-of-action concentration or accumulated damage as a 
function of internal dose, rather than the one-compartment approach used previously. 
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This model fit suggested that the risk estimates of traditional testing could be 
underestimated compared to intermittent exposures of the same concentration.  Further, it 
also suggests that organisms have a critical threshold level.  Paquin et al. (2002) also 
suggested the production of a similar model that includes the use of physiological 
response data to estimate organism time to toxicity of time-varying metal exposures.   
  
Advantages and Disadvantages of Assessing Organism Recovery 
 
 There are many advantages and disadvantages to assessing organism recovery in 
ecotoxicology.  Current toxicity test methodology is meant to be ecologically relevant, 
scientifically and legally defensible, modest in predictive capabilities, and simple and 
cost-effective.  However, toxicity test methods are criticized for their lack of 
environmental realism (Buikema et al. 1982).  As discussed in the sections above, 
researchers have developed methods that incorporate factors such as duration, latent 
effects, and recovery into toxicity estimates.  However, these methods may not meet the 
goals of the current testing methodology. 
 There are many advantages of incorporating organism recovery into toxicity 
estimates.  The most obvious advantage is the increased accuracy of toxic effects due to 
more environmentally relevant exposure scenarios.  The inclusion of a post-exposure 
observation period will result in increased quantitative accuracy of lethality. In general, 
including recovery times, latent mortality, and pulse exposure regimes in testing 
methodologies allows for more site-specific criteria development. 
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 On the other hand, there are also disadvantages to considering post-exposure 
observations.  For example, when the number of variables considered in testing 
methodologies increases, the error in the toxicity estimates increases (Buikema et al. 
1982).  A benefit of the current testing methodology is that they produce standardized 
regimes and results that are easily comparable between toxicants and species.  If the 
numbers of variables in the experiments are increased it makes it more difficult to keep 
the experiments standardized for comparison.  In addition, as the methods become more 
complex the testing becomes more costly and time consuming.  Thus, incorporating more 
complex variables into current assessments may make it more difficult to produce a wide 
range of comparable results.  The traditional toxicity tests methods are also meant to be a 
more conservative measure of toxicity.  Thus, scientists and regulators must determine 
how to incorporate the accuracy of episodic exposures without losing the practical nature 
of the traditional toxicity test methodology. 
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Table 1.1.  Responses of organisms to episodic exposures compared to continuous 
exposures.  Only studies containing a continuous exposure control were evaluated. 
Less Toxic More Toxic 
Toxicant Species Reference Toxicant Species Reference 
Chlorpyrifos Daphnia magna Naddy et al. 2000 
Parathion 
Malathion 
Chironomus 
riparius (midge) 
Kallander 
et al. 1997 
Fenoxycarb Daphnia magna Hosmer et al. 1998 Copper 
Salmo gairdneri 
(steelhead trout) 
Seim et al. 
1984 
Aldicarb 
Carbaryl 
Carbofuran 
Propoxur 
Chironomus 
riparius (midge) 
Kallander 
et al. 1997 Ammonia 
Salmo gairdneri 
(rainbow trout) 
Salmo clarki 
(cutthroat trout) 
Thurston et 
al. 1981 
Copper 
Zinc 
Selenium 
Arsenic 
Daphnia magna 
 
Hoang et al. 
2007 
Hoang and 
Klaine 
2008 
Copper 
Cadmium Daphnia pulex 
Ingersoll 
and Winner 
1982 
Methoxychlor 
Jordanella 
floridae 
(American 
flagfish) 
Holdway 
and Dixon 
1985 
Phenol 
Jordanella 
floridae 
(American 
flagfish) 
Holdway et 
al. 1991 
Chlorine Mysidopsis bahia Menidia beryllina 
Fisher et al. 
1994 Cadmimum 
Gammerus 
pulex 
Brooks et 
al. 1996 
Mercuric 
chloride 
Oncorhynchus 
mykiss (rainbow 
trout) 
Carassius 
auratus 
(goldfish) 
Pimephales 
promelas 
(fathead minnow) 
Handy 
1995 
Technical 
permethrin 
Microencapsulated 
permethrin 
Fenitrothion 
Carbaryl 
Carbofuran 
Mosquito larvae 
Parsons and 
Surgeoner 
1991 
Fenvalerate Daphnia magna 
Reynaldi 
and Liess 
2005 
Bromoxynil Daphnia magna Buhl et al. 1993 
Ammonia 
Copper 
Zinc 
Pimphales 
promelas 
(fathead minnow) 
Daphnia magna 
Diamond et 
al. 2006 
Aluminum at low 
pH 
Salvelinus 
fontinalis (brook 
trout)  
Siddens et 
al. 1986 
Linuron Aqauatic macrophytes 
van Geest 
et al. 1999 Sulfuric Acid 
Salvelinus 
fontinalis (brook 
trout)   Salmo 
gairdneri 
(rainbow trout) 
Curtis et al. 
1989 
Methoxychlor Salmo gairdneri (Rainbow trout) 
Heming et 
al. 1988 
Fenvalerate 
Copper 
Salmo gairdneri 
(steelhead trout) 
Curtis et al. 
1985 
Cadmium  
Zinc 
Melanotaenia 
fluvatilis 
(Crimson spotted 
rainbow fish) 
Williams 
and 
Holdway 
2000 
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Cadmium Rainbow trout 
Pascoe and 
Shazili 
1986 
   
Chlorpyrifos 
Endin 
Fenvalerate 
Pimephales 
promelas 
(fathead minnow) 
Jarvinen et 
al. 1988    
Lindane Gammerus pulex Abel 1980    
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Figure 1.1. “Real-world” episodic exposure scenario displaying the three factors that 
affect episodic exposures (copper concentration measured in effluent from 10/28/02 to 
12/5/02; Western Carolina Regional Sewage Authority, Mauldin Road Waste Water 
Treatment Plant, Greenville, SC 29670). 
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Figure 1.2.  Flow chart of factors affecting potential recovery following a pulsed 
exposure. 
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GOALS AND OBJECTIVES 
 
The overall goal of this research was to characterize the recovery of larval fathead 
minnows (Pimephales promelas) following multiple pulsed copper exposures at a 
physiological, biochemical, individual, and population level.   
 
Three objectives were used to accomplish this goal:  
 
Objective 1.  To characterize the recovery larval P. promelas following multiple pulse 
copper exposures using the physiological response of whole-body sodium. 
 
Objective 2.  To determine the biochemical mechanism(s) involved in the recovery of 
whole-body sodium in larval P. promelas following multiple pulse copper exposures.  
 
Objective 3.  To characterize the sub-lethal responses of P. promelas to episodic copper 
exposures occurring throughout its life-span.  
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CHAPTER 2: 
 
RECOVERY OF LARVAL FATHEAD MINNOWS (PIMEPHALES PROMELAS)  
 
FROM PULSED COPPER EXPOSURE: PHYSIOLOGY 
 
 
ABSTRACT 
 
 The Biotic Ligand Model (BLM), used by the US EPA to develop site-specific 
criteria for heavy metals, does not currently consider the mechanisms of copper toxicity 
when calculating organism response.  Copper exposure results in a net loss of sodium 
from aquatic organisms, which if great enough, eventually leads to mortality. Likewise, 
when copper exposure is removed organisms should be able to compensate for sodium 
loss and recover homeostasis. This research presents the physiological response and 
recovery of larval fathead minnows (Pimephales promelas) following multiple pulsed 
copper exposures.  Lethal and sublethal (growth and whole-body sodium) responses of 
larval P. promelas to two individual pulses of copper were characterized during 21d 
bioassays.  The experimental design consisted of a combination of three copper 
concentrations (50, 100, 200 µg Cu/L), two exposure durations (3 and 9h), and various 
recovery times (0, 24, 48, 96, and 144h).  Survival and whole-body sodium were the most 
sensitive indicators of copper toxicity.  Mortality was inversely related to whole-body 
sodium concentration.  Larval fish had a significant reduction (p<0.05) in whole-body 
sodium concentration when exposed to copper; the critical threshold for mortality was 
approximately 30% sodium loss.  However, mortality lagged behind whole-body sodium 
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loss by hours to days after the end of the exposure and organisms demonstrated an ability 
to recover whole-body sodium even when they reached or exceeded the critical threshold 
suggesting that the threshold for mortality may include a critical duration when sodium 
loss exceeds 30%.  Organisms required approximately 96h between exposures to recover 
from brief copper exposures and to keep subsequent exposure responses independent.  
Shorter recovery intervals did not result in additive effects for either whole-body sodium 
or mortality, suggesting the potential protective role of compensatory biochemical 
mechanisms during subsequent pulses.  These results highlight the importance of 
considering post-exposure responses, such as latent mortality and organism recovery, 
when developing models to predict toxicity to episodic metal exposures.    
 
INTRODUCTION 
 
 Organism recovery following a non-lethal toxicant exposure is rarely quantified 
or even observed yet the ecological implications of this phenomenon are substantial.  
While the focus of most ecotoxicity bioassays is mortality, the focus of ecological risk 
assessment and regulatory initiatives is protecting populations (USEPA 1992).  Hence, 
issues like post-contaminant exposure recovery, delayed mortality, and reduced 
ecological fitness are important.  Further, the episodic nature of real-world exposures 
necessitates the consideration of organism recovery because organisms will likely 
experience periods of time in uncontaminated waters between pulsed exposures.  These 
potential recovery periods allow organisms to depurate contaminants, repair toxicant 
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damage, and regain physiological homeostasis (Pascoe and Shazili 1986; Naddy and 
Klaine 2001; Reinert et al. 2002).  Incomplete recovery from the first contaminant 
exposure may significantly affect the response of an organism to subsequent exposures 
(Hoang et al. 2007; Hoang and Klaine 2008).  Several researchers have found that during 
multiple pulsed copper exposures, survival of larval P. promelas and Daphnia magna 
was significantly influenced by the amount of time allowed between pulses (Diamond et 
al. 2005; Bearr et al., 2006; Zahner et al. 2006; Diamond et al. 2006; Hoang et al. 2007; 
Hoang and Klaine 2008). However, current water quality criteria may not be reflective of 
pulse exposure toxicity because they are based on continuous exposures performed over 
acute fixed durations, typically 48-96h, and do not consider organism recovery. 
 The US EPA currently employs the Biotic Ligand Model (BLM) to develop site-
specific water quality criteria for copper; however the model is unable to accurately 
predict the effects of brief, time-varying pulsed exposures (Paquin et al. 2002; USEPA 
2003).  Simply, the BLM calculates mortality based on a critical copper accumulation 
associated with the biotic ligand (ie. gill), and only accounts for speciation, complexation, 
and competition of the free metal ion at the gill (for a more in depth review of the BLM 
see Di Toro et al. 2001, Paquin et al. 2002).  In addition, the BLM was calibrated using 
acute (48-96h), continuous exposure LC50 data for adult organisms.  However, many 
studies have determined that 48-96h LC50s do not accurately estimate toxicity from brief 
(<24h) single or multiple pulsed exposures because they do not consider post-exposure 
organism responses such as latent mortality and organism recovery (Clark et al. 1987; 
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Baugman et al. 1989; Diamond et al. 2005; Diamond et al. 2006; Zhao and Newman 
2006). 
 Paquin et al. (2002) proposed a physiologically based Sodium Balance Model 
(SBM) to be incorporated with the BLM that will extend the use of the model to brief 
pulse and time varying exposures.  While the physiological mechanism of copper toxicity 
(ionoregulation) is only an underlying assumption of the current BLM framework it can 
be used to estimate the time to lethality for aquatic organism to copper (Paquin et al. 
2002).  Ionoregulatory disruption at the gill is now widely accepted as the mechanism of 
acute copper toxicity for freshwater fish.  Copper inhibits the active uptake (ie. Na+/K+-
ATPase pump) and increases the diffusive loss of sodium, resulting in a net loss of 
sodium from exchangeable sources within the organism and ultimately resulting in 
mortality by cardiovascular collapse (Lauren and McDonald 1985; Lauren and McDonald 
1987a; Lauren and McDonald 1987b; Grosell et al. 2002).  Whole-body sodium 
concentration of aquatic organisms has become a common measure of ionoregulatory 
dysfunction due to metal exposure (Grippo and Dunson 1991; Taylor et al. 2000; Croke 
and McDonald 2002; Bianchini and Wood 2003; Taylor et al. 2003), and researchers 
have proposed a 30% loss of sodium as the critical threshold for lethality in adult fish 
(Wood et al. 1996; Grosell et al. 2002).  Based on this threshold, the SBM would assume 
that a fixed decrease in sodium of 30% results in mortality (Paquin et al. 2002).  
However, several researchers have demonstrated that a 30% loss in whole-body sodium 
did not result in larval fish mortality (Zahner et al. 2006; VanGenderen et al. 2008).  
Further, while aquatic organisms have demonstrated the ability to reverse the toxic action 
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of copper and compensate for sodium losses once the copper exposure is removed, 
potential organism recovery from this critical threshold is not considered in the model 
(Paquin et al. 2002; Zahner et al. 2006).  Since whole-body sodium concentrations have 
been demonstrated to be a good indicator of copper exposure (Grippo and Dunson 1991; 
Croke and McDonald 2002; Zahner et al. 2006) they may also be useful to demonstrate 
and quantify recovery following the exposure.  The objective of this research was to 
characterize organism recovery following multiple pulse copper exposures using the 
physiological response of whole-body sodium.  In a companion paper, the biochemical 
mechanisms of compensation aiding organism recovery from copper exposure are also 
examined. 
 
MATERIALS AND METHODS 
 
Toxicity tests 
 
 Twenty-one day toxicity tests were conducted according to a modified standard 
method that extends the length of the short-term bioassays for estimating chronic toxicity 
for fathead minnows (Pimephales promelas) to a total of 21d, instead of the typical 7d 
(APHA 2005; pp8-161).  The extension allowed additional time to characterize longer 
recovery periods and recovery following a second pulse exposure.  In addition, 96h old 
larval organisms were used, instead of <24h old larvae called for by the standard method.  
Larval organisms use their yolk-sac to regulate ions until they have fully functional gills 
at ~96h old (Ayson et al. 1994; Kaneko et al. 2000; Katoh et al. 2000).  Thus, initiating 
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the experiments with 96h old allows the site of action to remain consistent between pulse 
1 and 2.  
 Larval fathead minnows (P. promelas) were obtained from a culture maintained at 
the Clemson Institute of Environmental Toxicology (CU-ENTOX), Clemson University 
(Pendleton, SC, USA).  All organisms were hatched and all exposures were conducted in 
reconstituted laboratory water, hardness of 80 mg CaCO3/L and an alkalinity of 20 mg 
CaCO3/L, made using reagent grade salts (CaSO45H2O, MgSO4, KCl, and NaHCO3; 
Fisher Scientific, Pittsburgh, PA, USA) and kept continuously aerated in a 50-L 
polyethylene carboy until use.   
 Larvae were transferred to test vessels 96 + 3h after hatching.  Controls consisted 
of copper-free medium (< 5µg/L Cu), while the treatments consisted of copper-free 
medium plus the appropriate volume of a Cu2+ stock, as CuSO4 (Sigma, St. Louis, MO, 
USA).  All solutions were allowed to equilibrate for at least one hour after mixing before 
use.  All test treatments were conducted in 600-ml polypropylene beakers with 250 ml of 
appropriate test media at 25 + 1OC.  Each treatment contained six replicates; three 
replicates were collected for physiological measurements of whole-body sodium and 
three replicates were collected for biochemical measurements discussed in the adjoining 
Chapter 3.    
 At test initiation, fifteen larval fathead minnows were transferred to each test 
vessel containing exposure environments and ten to fifteen organisms were transferred to 
control vessels.  Organisms were not fed during exposures to reduce the potential binding 
of copper to organic sources in the food.  For the recovery intervals, at exposure 
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termination, greater than 80% of the treated water was removed and replaced with 250 ml 
of control water.  This constituted a recovery environment with dissolved Cu 
concentrations <5 µg/L Cu.  Organisms were fed 0.1-0.4 g of newly hatched Artemia 
nauplii twice daily during recovery intervals.  For the double pulse exposures, at the end 
of the recovery interval, greater than 80% of the control water was removed and replaced 
with 250ml of copper water.  After the second exposure ended, copper treated water was 
again exchanged for control water and all exposures were followed until 21d.  Water was 
renewed daily in all beakers during recovery intervals.  At each sampling time, all 
animals in each of six beakers were collected for each treatment.  Mortality was recorded 
daily and dead organisms were removed.  Dead animals were not analyzed for whole-
body sodium.  
 
Experimental Design 
  
The ability of organisms to recover from a pulsed copper exposure was assessed 
using an incomplete factorial design.  Exposure concentrations and durations were 
determined using a 48h acute toxicity test (APHA 2005).  Experimental regimes were 
chosen to elicit physiological effects with only partial mortality.  The exposures consisted 
of three concentrations surrounding the 24h LC50 of 100 µg/L Cu (nominal 50, 100, 200 
µg/L Cu) and two durations (3 and 9h) with various recovery times (0, 24, 48, 96, and 
144h) (Table 2.1).  Continuous exposures for each concentration were also conducted.  
There were six replicates for control (n=6) and copper treatments (n=6) per time point.  
Organisms were sampled for whole-body sodium analysis at exposure initiation and 
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termination, as well as 12, 24, 48, 96, and 144h post-exposure and various times until the 
end of the experiment at 21d.  The main objective of this experimental design was to 
collect physiological data; therefore, if needed, animals may have been collected from 
other treatments to satisfy needs of earlier sample collections.  Thus, due to the limitation 
on organism numbers (each experiment required 2300-2800 larval fish) and high amounts 
of mortality, some treatments were not followed for the entire 21d. 
 
Growth Measurements  
  
Mass was measured at each sampling time point over the entire duration of each 
experiment.  At each sampling, the surviving organisms were counted and the dead 
organisms were removed from the beaker.  Surviving organisms, consisting of three 
replicates each of both the control and treated groups (n=3), were collected on a cotton 
filter paper (Whatman No. 1; Whatman, Clifton, NJ, USA) via vacuum filtration.  The 
isolated organisms on the filter were rinsed with approximately 50 ml of deionized Milli-
Q® water (Millipore, Bedford, MA, USA) to remove external sodium.  Organisms were 
collected as a small pellet and transferred using fine-point forceps to an aluminum weigh 
boat and dried at 100OC for at least 24h.  Any organism that was mutilated during 
transfer was discarded.  The mass of each replicate was measured on an electronic 
microscale (0.00001g) by transferring the dried fish to a tared weigh boat (Mettler 
AT201; Mettler-Toledo, Columbus, OH, USA).  
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Whole-body Sodium Analysis 
 
Whole-body sodium analysis followed methods documented in Zahner et al. 
(2006).  Following measurement of mass, each dried fish pellet was transferred to a new 
conical polypropylene tube and suspended in 5-ml of 50% concentrated nitric acid (trace 
metal grade; Fisher Scientific).  At least one reagent blank, containing 50% nitric acid, 
was used per 15 samples.  Samples were digested in a 100ºC water bath for 30 min.  Each 
sample was diluted with 4 ml of deionized water and 1 ml of 20 g K+/L (as KCl), to 
facilitate ionization, for a total volume of 10 ml.  Samples were analyzed for sodium 
content via the atomic absorption spectrophotometer, flame emission mode (Perkin-
Elmer AA800; Perkin-Elmer, Shelton, CT, USA).  
 
Chemical Analysis 
  
  Water quality parameters were measured at exposure initiation and several times 
during the recovery period (mean + standard deviation; D.O. = 8.04 + 0.43 mg/L, pH = 
7.62 + 0.30, temperature = 24.09 + 0.29 OC, alkalinity = 20.47 + 1.50 mg/L CaCO3, 
hardness = 85.81 + 9.73 mg/L CaCO3).  Alkalinity and hardness of the solutions were 
measured at test initiation using colorimetric titration with 0.02 N H2SO4 and 0.01 M 
ethylenediaminetetraacetic acid (EDTA), respectively.  Dissolved oxygen (DO) and pH 
were measured using a dissolved oxygen meter (YSI 85; Yellow Springs Instruments, 
Yellow Springs, OH, USA) and an Orion-Ross (Orion Research, Beverly, MD, USA) 
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combination pH electrode, connected to a multi-channel pH/mV meter (Orion 525A), 
respectively.  Dissolved Cu samples were taken at exposure initiation, termination, and 
during recovery intervals.  Samples were acidified (1 drop of concentrated HNO3/ 10 ml 
of sample) after being filtered through a 0.45 µm Gelman nylon filter (Pall, East Hills, 
NY, USA) and stored in 15-ml polyethylene vials.  Samples were measured by flame-
atomic absorption spectroscopy (Perkin-Elmer AA800).  
 
Data Treatment 
 
All statistical analysis was conducted using SAS version 9.2 (SAS, Cary, NC, 
USA). Growth rates were determined using linear regression and were statistically 
compared to a slope of zero using the regression (REG) procedure.  Growth rates of 
treated organisms were also compared to the growth rates of their respective controls for 
differences using the general linear model (GLM) procedure.  Mean mass (n=3) and 
mean whole-body sodium concentrations (n=3) were compared to their respective 
temporal control using a one-way ANOVA and the Tukey-Kramer least significant 
difference (LSD) test.  “Recovery” was determined as the time at which the whole-body 
sodium concentration of the copper-treated organisms was no longer statistically different 
from its temporal control.  Statistical significance was determined with a p<0.05. 
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RESULTS 
 
Mortality 
 
 Daily mortality of P. promelas to continuous, single, and double-pulsed copper 
exposures are illustrated in Figures 2.1 and 2.2.  Average percent mortality for the 
controls in all treatments was 5.2 + 3.5% (+ standard deviation; n=27), which is in 
agreement with the standard method procedure.  Mortality was not followed for 21d in 
some treatments due to high mortality rates early in the testing period, which limited the 
number of live organisms available for physiological sampling.     
 In the continuous exposure, the two lowest concentrations, 50 and 100 µg/L Cu, 
resulted in 44 and 49% mortality by 144h, respectively (Figure 2.1A).  The highest 
concentration, 200 µg/L Cu, took a shorter period of time to reach a similar percent 
mortality (50.2% by 48h).  The continuous exposure mortality increased over time until 
reaching a plateau and slowing around 96h. 
 In the single pulse exposures, mortality increased with increasing copper 
concentration and pulse duration with the exception of the 50 µg/L Cu for 3h exposure 
(37%), which was 1.6x greater than the 6h exposure (23%) (Figure 2.1 B).  Mortality 
reached a plateau faster with more severe exposures (higher concentrations and longer 
pulse durations).  For example, percent mortality reached a plateau for the lowest 
concentration and shortest pulse durations (50 µg/L Cu for 3-12h pulse) around 72-96h; 
however, higher concentrations and longer pulses (50 µg/L for 18h pulse, 100 µg/L for 3-
 66 
9h pulse, and 200 µg/L for 3h pulse) reached a maximum plateau around 48h.   Further, 
several treatments reached a maximum plateau within 24h including 100 µg/L for 18h 
pulse and 200 µg/L for 3-12h pulse; and the highest concentration and longest duration 
(200 µg/L for 18h pulse) reached maximum mortality in 12h. 
 Mortality increased in the double pulse treatments with exposure duration and 
concentration (Figure 2.2).  However, there was no general trend in mortality among the 
recovery times.  Percent mortality in the double pulse exposures also reached a maximum 
plateau faster with the more severe exposures.  In general, a second pulse exposure did 
not result in any further increase in mortality, although this is difficult to decipher in the 
shorter recovery times (<48h) due to latent mortality from pulse 1.  Pulse exposures did 
not decrease toxicity compared to continuous exposures.  Although, there may have been 
further mortality in the continuous exposures if the experiment had lasted longer, the 
exposures only lasted for 48h for the 200µg/L and 144h for the 50 and 100µg/L. 
 Maximum mortality did not typically occur immediately following pulse exposure 
termination; a plateau was reached well after the exposure ended.  Thus, all experimental 
treatments demonstrated latent mortality.  Mortality continued for up to 96-144h post 
exposure for the 50µg/L Cu treatments, 72-96h post exposure for the 100µg/L Cu 
treatments, and 48h post exposure for the 200µg/L Cu treatments. 
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Growth 
 
 Mean final weight for control and single pulsed larval P. promelas was 0.278 + 
0.295 mg/fish (range: 0.075-2.602 mg/fish) and 0.276 + 0.302 mg/fish (range: 0.063-
2.202 mg/fish) (mean + standard deviation; n=3), respectively.  Mean final weight for 
control and double pulse larval P. promleas was 0.243 + 0.220 mg/fish (range: 0.072-
2.162 mg/fish) and 0.241 + 0.236 mg/fish (range: 0.070-2.132 mg/fish), respectively.  In 
general, fish final weight was not significantly different from their respective temporal 
control in any treatment. 
 Growth rates for each experimental treatment and their respective controls were 
calculated using linear regression analysis (Table 2.2).  Growth rates for most treatments 
had significantly increasing slopes (p<0.05) and were similar to control growth rates 
(p>0.05), indicating that growth was not adversely affected by the copper exposures.  
Although, there were some apparent differences in the growth rates among treatments, 
this was due to the length of the experiment.  For example, most of the 200µg/L Cu 
exposures only lasted ~48h, whereas the 50µg/L Cu exposures lasted 21d (504h).  There 
may have been an effect on growth in the continuous exposures due to the energetic costs 
of acclimation, if the experiments had been allowed to run longer. 
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Whole-body Sodium 
 
 Whole-body sodium fluctuations for eleven of the twenty-seven experimental 
treatments are illustrated in Figures 2.3 and 2.4 (all other results are located in Appendix 
A).  Only the effects of single and double pulse exposures of 50 µg/L Cu are shown; 
however, these results are similar to the 100 µg/L Cu treatments as well.  Whole-body 
sodium was not followed for 21d in some treatments due to high mortality rates early in 
the testing period, which limited the number of live organisms available for physiological 
sampling.  Also note that each exposure treatment has an individual respective control.  
Mean control whole-body sodium concentrations were not normally distributed; 
therefore, concentrations were normalized to percent of control whole-body sodium to 
facilitate comparisons among treatments.  Percent of control whole-body sodium was 
calculated using the linear regression of the controls; the equation of the line was used to 
solve for the deviation of the treated organisms.  
 Mean + standard deviation whole-body sodium concentrations for control and all 
single pulse exposures (50, 100, 200µg/L Cu) larval P. promelas were 230.17 + 44.90 
µmol Na/mg dry wt (range: 126.87-658.88) and 187.01 + 46.01 µmol Na/mg dry wt 
(range: 68.08-440.94), respectively. Mean whole-body sodium concentration for control 
and double-pulsed larval P. promleas were 227.50 + 27.15 µmol Na/mg dry wt (range: 
148.49-480.53) and 186.58 + 36.72 µmol Na/mg dry wt (range: 88.94-488.50), 
respectively.  The copper treated organisms had a lower mean and minimum whole-body 
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sodium compared to control organisms, due to the effect of copper on whole-body 
sodium loss. 
 Overall, when fish were exposed to copper, either continuously or pulsed, their 
whole-body sodium concentrations significantly decreased compared to their temporal 
controls (p<0.05) (Figure 2.3 and 2.4).  Whole-body sodium loss continued for up to 12-
48h post exposure termination in most treatments, both continuous and pulse, and 
reached a plateau by 48h in continuous exposures.  All exposures lost a maximum of 
approximately 31.2 + 8.3% of their whole-body sodium content; only three exposure 
scenarios resulted in a loss greater than 40% (Table 2.3, Figures 2.3 and 2.4--dashed 
line).  So, most copper treatments reached the proposed critical threshold for lethality 
(~30% sodium loss).  Maximum percent whole-body sodium loss occurred faster with the 
more severe exposures.  For example, the maximum percent whole-body sodium loss 
occurred at 24-48h post exposure termination for the 50µg/L Cu treatments, 12-24h post 
exposure for the 100µg/L treatments, and 0-12h post exposure termination for the 
200µg/L treatments (Table 2.3).  
 Following pulse 1, fish regained whole-body sodium concentrations in ~48-96h 
post exposure termination (Figure 2.4 and 2.5).  Therefore, no recovery of whole-body 
sodium occurred for the shorter recovery intervals (< 48h) following pulse 1.  And 
following pulse 2, there was no fluctuation (increase or decrease) in whole-body sodium 
concentrations; the organisms did not physiologically acknowledge a second pulse and 
they required ~48-96h to recover.  The longer recovery intervals (> 96h) were able to 
recover whole-body sodium concentrations before pulse 2.  And following pulse 2, the 
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organisms had a decline in whole-body sodium equal to that of pulse 1, but were able to 
recover faster than pulse 1, except for those exposed to 100 µg/L Cu for 3h pulse duration 
with 144h recovery interval (Figure 2.5).  In addition, it is important to note that 
organisms demonstrated an ability to recover ion homeostasis after reaching or exceeding 
the proposed critical threshold for lethality (~30% sodium loss).   
 There appears to be a critical threshold for recovery, which if exceeded fish fail to 
regain physiological homeostasis.  The threshold for the 3h pulse duration is around 
200µg/L Cu and for the 9h pulse duration it is around 100µg/L Cu (Figure 2.5).  No 
recovery of whole-body sodium occurred for the treatments at 200 µg/L Cu for 9h pulse 
duration and all recovery intervals.  However, these experiments did not continue longer 
than 60h due to limitation on organism numbers. 
 
Correlation Between Whole-Body Sodium and Mortality 
 
 Percent mortality was inversely correlated to percent of control whole-body 
sodium (p<0.0001; n=212) (Figure 2.6).  Mortality was normalized to the number of 
organisms alive on the day of physiological sampling; therefore, organisms that died or 
were collected on previous days were removed from the total.  The lethal threshold 
appears to occur at approximately 70% of control whole-body sodium (~30% reduction 
from control values).  Only 9% of the population exceeds a 30% sodium loss and only 
three data points (1%) reached or exceeded a 40% sodium loss.  However, these data are 
biased because only live organisms are collected for physiological sampling, dead 
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organisms are removed.  Thus, it is likely that the dead organisms exceeded a 30% 
sodium loss.      
 
DISCUSSION 
 
 Survival and response of whole-body sodium were the most sensitive indicators 
of episodic copper exposure in this study.  Growth was not affected, supporting results of 
Taylor et al. (2000) who reported growth to be one of the least sensitive indicators when 
exposing juvenile rainbow trout to continuous copper exposure over 30d.  Other 
investigators have reported similar results with both larval P. promelas and D. magna 
(Ingersoll and Winner 1982; Diamond et al. 2005; Diamond et al. 2006; Bearr et al. 2006; 
Hoang et al. 2007).  The objective of most of these studies was to evaluate the effects of 
multiple sub-lethal contaminant pulses; hence, the copper concentrations were well below 
the 48 or 96h LC50.  Significant effects were seen on growth and survival when 
organisms were pulsed near the LC50.  In the present study, the more severe exposures, 
200µg/L, appear to have resulted in a lower growth rate compared to the 50 and 100µg/L 
Cu treatments, and some growth rates were negative indicating the organism was losing 
mass during the experimental period.  However, with the exception of the 3h pulse, none 
of the 200µg/L Cu treatments ran for more than 96h because of high mortality.  If the 
more severe exposures (200µg/L Cu) were allowed more time to grow and develop 
during the experimental periods there may have been growth effects seen.  Therefore, 
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these results suggest that growth is a poor indicator of short, brief pulse copper exposures 
at or below the 24h LC50.   
 Copper toxicity in freshwater fish occurs due to ionoregulatory interference by 
inhibition of sodium uptake across the gill epithelium and an increase in sodium efflux 
due to the displacement of Ca2+ at the paracellular junctions (Lauren and McDonald 
1985; Lauren and McDonald 1987a; Lauren and McDonald 1987b; Grosell et al. 2002).  
Ultimately, all of these toxic mechanisms result in a net loss of the exchangeable sodium 
pool that eventually leads to mortality.  A 30% plasma sodium loss has been proposed as 
the critical threshold for the onset of lethality in adult freshwater fish (Wood et al. 1996; 
Paquin et al. 2002).   It is important to note that sodium loss initiates a cascade of effects 
that ultimately results in cardiovascular collapse of the organism, and therefore, is not 
directly responsible for mortality.  But sodium concentration is a consistent indicator of 
metal stress and allows the characterization of organism response to copper exposure and 
ultimate acclimation or recovery (Grippo and Dunson 1991; Croke and McDonald 2002).    
 Whole-body sodium concentrations were negatively correlated with percent 
mortality in this study, suggesting that mortality due to copper exposure in larval fish is 
likely influenced by whole-body sodium loss.  There was a significant loss of whole-body 
sodium in all copper exposures that lasted for up to 96h post exposure.  Maximum 
sodium loss occurred between 12-48h depending upon exposure concentration (higher 
concentration reached maximum loss faster), which coincided with a maximum mortality 
occurring around 24-96h.  Maximum sodium loss was observed faster than mortality 
because sodium loss from the organism was not the direct cause of lethality.  All 
 73 
treatments approached or reached the 30% critical threshold for sodium loss, but only a 
small proportion of organisms exceeded it (~9%).  VanGenderen et al. (2008) also found 
that a 30% loss of whole-body sodium in larval P. promelas agreed with the reported 
threshold for mortality.  In addition, their results also found that the onset of mortality 
does not occur for several hours after they reached this threshold.  
 The whole-body sodium results used for the correlation with percent mortality are 
biased because only live organisms were analyzed for whole-body sodium concentrations 
and are compared to the number of organisms that died.  So it is likely that the dead 
organisms not considered in the whole-body sodium measurement had sodium losses that 
exceeded 30%.  However, dead larval fish could not be analyzed because they may expel 
fluid upon death or degrade quickly in water; thereby, decreasing the accuracy of the 
sodium measurements.  It is likely that the relationship between whole-body sodium and 
mortality would improve if the correlation could take into account the sodium 
concentrations of the fish upon death and before degradation. 
 Latent mortality occurred in all exposure treatments in this study.  Diamond et al. 
(2005) suggested that delayed mortality was any mortality occurring >24h after the 
completion of the contaminant episode.  As discussed previously, most treatments had 
continual mortality before reaching maximum lethality between 24-96h post exposure.  
Hence, all pulse exposure treatments in the present study experienced latent mortality.  In 
addition, there was a lag in the whole-body sodium response to copper exposure.  
Although, organisms experienced a decline in whole-body sodium with the initial 
exposure, they did not reach maximum whole-body sodium loss until ~24-48h post 
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exposure.  Zhao and Newman (2006) also found significant latent mortality when 
exposing amphipods to copper concentrations around the 48h LC50.  The study showed 
that mortality increased for up to 112h post exposure termination and increased mortality 
by ~15-35%.  VanGenderen et al. (2008) also observed latent mortality after exposing 
larval P. promelas to 0.5 to 10-fold the 48h LC50 value.  Conversely, these results 
disagree with several recent studies investigating the response of larval fathead minnows 
to pulse copper exposures (Diamond et al. 2005; Diamond et al. 2006; Bearr et al. 2006; 
Hoang et al. 2007).  These studies did not find any significant latent mortality following 
pulsed copper exposures; however, these experiments were run at concentrations below 
the 48 and 96h LC50s.  For example, Bearr et al. (2006) did not show any latent mortality 
post copper exposure when exposing <24h old larval fathead minnows to copper 
concentrations that did not exceed the 7d continuous exposure EC50.  Toxicity of a 
contaminant is determined by its concentration and duration at the biologically active site 
(Naddy et al. 2000); therefore, the concentrations used during these other studies may not 
have been high enough to elicit long term responses.  With less copper ions available to 
disrupt and damage the gill, organisms may have been better able to depurate copper and 
repair damage resulting in a faster recovery.  In contrast, the exposures in this study 
bracketed the 24h LC50, resulting in a higher amount of copper ions available to bind to 
the gill and a longer time for the organism to depurate and repair toxicant damage. 
 Whole-body sodium concentration significantly decreased in both continuous and 
pulsed copper exposures; however, the response to these exposure scenarios differed.  
Whole-body sodium concentrations in the continuous exposures decreased until 
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approximately 12-24h where they reached a plateau at ~70% of control sodium (30% 
deviation from controls) and did not decline any further, nor did the sodium 
concentrations return to control levels.  The plateau in whole-body sodium coincided 
with a plateau in the maximum mortality occurring around 96h.  These results suggest 
that organisms who survived were able to control any further diffusive loss of sodium and 
were able to survive at these depleted sodium levels.  The decrease in diffusive losses of 
sodium may have occurred by Ca2+ ions regaining control of the paracellular junction or 
by reabsorption of sodium in the kidneys before excretion.  Either way, the organisms 
likely acclimated to the exposure over the 6d period; however, maintaining the 
mechanisms required for acclimation is energetically expensive and may eventually lead 
to further mortalities (Beyers et al. 1999; Webb and Wood 1998).  Unfortunately, this 
research was unable to follow the acclimation response beyond 144h due to the limited 
number of surviving organisms available for physiological sampling.   
 Zahner et al. (2006) and VanGenderen et al. (2008) also demonstrated that a 
plateau in whole-body sodium loss in larval fathead minnows occurred around 12h during 
continuous copper exposure.  In both studies organisms did not regain whole-body 
sodium to control levels, suggesting that they were able to maintain ion homeostasis and 
survive at a lower sodium state.  Several studies have also demonstrated the ability of 
juvenile and adult freshwater fish to acclimate to chronic continuous copper exposures, 
but in contrast, the organisms compensated for whole-body sodium loss during the 
exposure (Lauren and McDonald 1985; Lauren and McDonald 1987a; Lauren and 
McDonald 1987b).  Lauren and McDonald (1987a) found that juvenile rainbow trout 
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were able to acclimate within 7d to continuous copper exposures (55µg/L Cu over 28d).  
Initially, acclimated fish recovered whole-body sodium concentrations due to a reduction 
in the sodium efflux; however, sodium uptake did not fully recover until 28d.  Webb and 
Wood (1998) also found that rainbow trout exposed to silver were able to maintain a 
negative sodium balance by reducing sodium effluxes from the gills to below control 
levels.  However, the lack of sodium influx to compensate for sodium losses eventually 
resulted in mortality.  The larval P. promelas sodium responses to continuous copper 
exposure in the present study was only followed for 6d due to large numbers of 
organisms’ necessary physiological sampling.  Thus, it is likely that with continued 
copper exposure, organisms might not have been able to survive on the negative sodium 
balance.  It is unknown whether the larval P. promelas in this study could have 
compensated for sodium loss if followed for a longer period of time.  The results of this 
and other studies suggest that larval fish may be able to survive with lower whole body 
sodium levels during continuous copper exposures; the length of time they can survive at 
this state and whether they can eventually compensate for sodium losses are unknown.    
 Pulse copper exposures resulted in a significant whole-body sodium loss in all 
exposure regimes, but fish recovered during periods in copper-free water.  Physiological 
recovery occurred within 48 to 96h post exposure termination, which agreed with other 
reported recovery times for pulse copper exposures (Zahner et al. 2006; Hoang et al. 
2007).   In addition, mortality slowed and reached a plateau between 48-96h depending 
upon the intensity of the exposure (concentration x duration), which agrees with this 
recovery time.  Therefore, in contrast to the acclimation in the continuous exposure, this 
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plateau in mortality and compensation for sodium loss suggested that the organisms’ 
recovered homeostasis by 96h post copper exposure.  Several studies agree that 
organisms recover following sublethal exposures (Lauren and McDonald 1986; Diamond 
et al. 2005; Diamond et al. 2006; Bearr et al. 2006; Hoang et al. 2007); however, few 
have illustrated this concept physiologically.  Lauren and McDonald (1986) were able to 
demonstrate the ability of juvenile rainbow trout to regain sodium uptake mechanisms 
when placed in a control recovery environment following an exposure to 100µg/L Cu for 
24h.  When re-exposed for a second 24h period the trout had a reduction in sodium 
uptake, but at a lower rate compared to fish not pre-exposed.  These results illustrate that 
organisms were able to compensate for sodium losses, recover ion homeostasis, and 
survive.  But the mechanisms of sodium compensation during acclimation and recovery 
may be different; acclimation likely regains control of sodium homeostasis by decreasing 
sodium efflux, whereas recovery may be a combination of decreased sodium efflux and 
increased sodium intake.  These recovery mechanisms may also explain the decreased 
response of rainbow trout to a second copper exposure; compensatory and recovery 
mechanisms acted to protect the trout when exposed to a second pulse. 
  Multiple exposure responses are complex because the time allowed between 
exposures determines whether the response to the first pulse will affect responses to 
subsequent pulses (Reinert et al. 2002).  Effects from episodic exposures may be 
independent if time between exposures is sufficient for full organism recovery.  In 
contrast, if the first exposure altered the organism fitness or if the organism has not fully 
recovered, additive effects may occur.  Many researchers agree that the key to keeping 
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episodic exposures independent is allowing sufficient recovery time (Naddy and Klaine 
2001; Reinert et al. 2002; Zhao and Newman 2006; Hoang et al. 2007).  In addition to 
independent and additive responses, organisms may experience a protective response, in 
which a second pulse of equal or greater intensity is less toxic than the first pulse.  The 
decrease in organism response following subsequent pulses has not been considered in 
recovery literature, but is a possible response to multiple exposures.  The observed 
decrease in organism sensitivity may be due to acclimation, a tolerantly skewed 
population, or the upregulation of compensatory mechanisms that are available to protect 
the organism during a second exposure. 
 The recovery interval influenced the response of larval P. promelas when exposed 
to double pulse exposures in this study.  Shorter recovery intervals, defined as < 48h, did 
not allow organism to fully recover whole-body sodium concentrations following pulse 1 
in any exposure treatment.  This response was expected because organisms required 48-
96h to fully recover following single pulse exposures.  Following the second pulse 
exposure there was no fluctuation in the whole-body sodium concentration, either 
positive or negative.  The organisms did not physiologically acknowledge a second pulse 
following the shorter recovery times, but were able to recover approximately 48-96h 
following pulse 2.  These results indicate that the second pulse exposure following the 
short recovery intervals was not independent of the first pulse because organisms had not 
fully recovered.  The response to the second pulse exposure was not additive to the first 
because there was no additional sodium loss and there was no increase in mortality.  But, 
the lack of any additional sodium loss following a second pulse of equal intensity to the 
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first suggests that the larval fish was decreasing any further sodium efflux either by Ca2+ 
ions regaining control of the paracellular junction or by reabsorption of sodium in the 
kidneys before excretion.  Therefore, controlling sodium efflux following exposure 1 
aided in protecting the fish from any further sodium efflux following exposure 2; 
demonstrating a protective response.  However, the fish did not regain sodium before the 
second exposure, indicating that sodium uptake mechanisms were likely not involved in 
this protective response.  
 Organisms given recovery intervals equal to or longer than 96h fully recovered 
from the first pulse exposure.  Following the second pulse exposure, organisms lost a 
similar amount of whole-body sodium compared to the first pulse exposure, illustrating 
that the exposures were independent.  However, the organisms were able to recover faster 
following the second pulse exposure (~48h) and there was no significant increase in 
mortality, suggesting that the organisms still retained a memory of the previous pulse and 
that protected them up to 4d later.  These results suggest that both an decreased efflux 
and an increased influx are responsible for the protective responses demonstrated during 
longer recovery intervals.  The fish were able to fully recover sodium before pulse 2 and 
recovered it faster following pulse 2, indicating that sodium uptake mechanisms were 
available to assist in compensation following pulse 1 and aided in protection following 
the pulse 2.   
 Many researchers have found that longer recovery times between pulsed 
exposures resulted in fewer effects. This was demonstrated with Hyellela azetca exposed 
to a copper or sodium pentachlorophenol pulse (Zhao and Newman 2006), D. magna 
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exposed to a chlorpryifos pulse (Naddy et al. 2000), guppy exposed to a zinc pulse 
(Widianarko et al 2001), and D. magna exposed to various metal pulses (Hoang et al. 
2007; Hoang and Klaine 2008).  In contrast, Diamond et al. (2006) found a decrease in 
survival of fathead minnow larvae exposed to multiple copper pulses even with longer 
recovery intervals (96-120h).  Exposures of the same concentration and duration but with 
shorter recovery intervals (<48h) resulted in lower mortalities. The mortality results of 
Diamond et al. (2006) are supported by the whole-body sodium response in the present 
study.  Whole-body sodium did not fluctuate following shorter recovery intervals in this 
study and there was no significant mortality observed by Diamond et al., whereas whole-
body sodium significantly decreased following a longer interval in this study and there 
was a significant mortality increase compared to the first pulse observed by Diamond et 
al.  However, the upregulation of compensatory responses and the length they remain 
activated may explain the lack of mortality following the longer recovery intervals 
observed in this study, but has not yet been investigated. 
 Acclimation, a tolerantly skewed distribution, or upregulated compensatory 
mechanisms may also explain the protective responses.  Acclimation to metal exposures 
has been well documented and may explain decreased toxicity following a second pulse 
(McDonald and Wood 1993).  Stubblefield et al. (1999) demonstrated that rainbow trout 
exposed to sublethal concentrations of zinc or cadmium for 21d resulted in increases in 
dose-related tolerance to acutely toxic exposures (~three-fold).  But, the acquired 
acclimation only lasted approximately 7d once the organism was moved to clean water 
(Stubblefield et al.  1999).  Acclimation appears to be an acute compensatory response to 
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polluted environments and may be initiated during pulsed exposures.  Hoang and Klaine 
(2008) demonstrated this phenomena when pulse exposing D. magna to selenium.  D. 
magna became tolerant of the selenium following the first pulse, which resulted in a 
lower mortality following the second pulse.   
 A tolerantly skewed distribution may also explain the increased tolerance and 
decreased response of organisms following multiple exposures demonstrated in the 
present study.  The resultant response following each exposure will decrease if the 
weaker organisms are removed and the stronger organisms remain.  In theory, if a 
population at the initiation of the second pulse has a greater tolerance to a toxicant 
exposure, then they have a greater probability of surviving than the population at the 
initiation of the first pulse.  However, this phenomenon is difficult to quantify.   
 In the present study, the larval fathead minnows may also be upregulating 
mechanisms to compensate for whole-body sodium losses and to repair toxicant damage 
following the first pulse and these recovery mechanisms may still be active when the 
second pulse occurs.  Therefore, these recovery responses may provide mechanisms that 
protect against any further damage following a second pulse.  Several studies have 
demonstrated the ability of aquatic organisms to acclimate during metal exposure by 
increasing the number of available Na+/K+-ATPase units on the gill membrane (Lauren 
and McDonald 1987b; McGeer et al. 2000).  However, the relationship between sodium 
recovery and biochemical compensation have not been investigated in larval fish. 
 Overall, the results of this study highlight the importance of allowing sufficient 
time for organism recovery.  Longer recovery times (> 96h) resulted in full physiological 
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recovery and an independent response to subsequent pulses.  For multiple pulses, the 
amount of time allowed in uncontaminated water between pulsed exposures influences 
the probability of recovery.  When the interval between pulses was long enough, the 
larval P. promelas were able to compensate for the effects of copper and recover ion 
homeostasis, ultimately resulting in survival.  The biochemical mechanisms potentially 
aiding in the compensation of whole-body sodium that leads to organism recovery are 
discussed in the following paper. 
 
CONCLUSIONS 
 
 Whole-body sodium concentrations in larval P. promelas following brief, pulsed 
copper exposures were recovered in 96h post-exposure termination, even when reaching 
or exceeding the critical threshold for mortality (30% reduction).  Recovery interval 
influenced the organism’s response to a second pulse exposure.  Organisms allowed 
shorter recovery intervals (<48h) demonstrated an increased resistance to any further 
sodium loss, and organisms allowed longer recovery intervals (>96h) demonstrated a 
independent response to the second pulse, but recovered faster.  These protective 
responses suggest that organisms may be upregulating mechanisms to aid in recovery 
post exposure, but these responses may still be available following a second pulse.  The 
data from this study can aid in the development of the sodium balance model for addition 
to the BLM framework.  This will extend the application of the model for use in 
predicting toxicity due to episodic exposures like those in this study.   
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Table 2.1.  Experimental treatments 
Concentration 
(µg/L Cu) a 
Duration (h) Recovery 
Interval (h) 
Number 
of Pulses 
50 (38.4 + 5.8) 3, 6 , 9, 12, 18   1 
100 (90.7 + 5.9) 3, 6 , 9, 18   1 
200 (169.2 + 3.7) 3, 6, 9, 12, 18  1 
50  (43.1 + 3.2) 3, 9 0 b, 24, 96 2 
100 (82.4 + 4.0) 3 0 b, 96, 144 2 
100 (85.7 + 6.5) 9 0 b, 24, 48 2 
200 (166.5 + 9.7) 3, 9 0 b, 24 2 
50 (43.89), 100 
(82.65), 200 (169.1) 
Continuous   
a Nominal dissolved Cu concentrations (mean + standard deviation; n=3) 
b A 3h pulse duration with a 0h recovery interval is equal to a 6h single pulse and a 9h 
pulse duration with a 0h recovery interval is equal to a 18h single pulse. 
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Table 2.2. Larval Pimephales promelas growth ratesa (mg dry wt/h) for all experimental 
treatments.  Each treatment was compared to an individual respective control (data not  
shown). 
Recovery Interval (h) Concentration (µg/L 
Cu) Single 0 24 48 96 144 
3h Duration       
50 0.0035* 0.0029* 0.0032* N/A 0.0031* N/A 
100 0.0009* 0.0043* N/A N/A 0.0028* 0.0021* 
200 0.0006* 0.0002 0.0002 N/A N/A N/A 
9h Duration       
50 0.0026* 0.0023* 0.0022* N/A 0.0011* N/A 
100 0.0039* 0.0005 -0.00007 0.0003* N/A N/A 
200 -0.0003* 0.0003 -0.0003 N/A N/A N/A 
Continuous       
50 0.0003*      
100 0.0003*      
200 -0.0005*      
a Growth rates calculated using linear regression. 
* Asterisks indicate slopes significantly different from zero (p<0.05). 
 Cross indicates slopes significantly different from slope of respective control (p<0.05). 
N/A indicates experimental regimes not tested. 
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Table 2.3.  Maximum percent of control whole-body sodium loss during each 
experimental treatment exposure. 
Cu 
Conc 
(µg/L) 
Duration 
(h) 
Recovery 
Interval 
(h) 
Maximum 
Percent Na 
Lossa (+SD) 
Pulse 1 
Post 
Exposure 
Time (h) 
Pulse 1 
Maximum 
Percent Na 
Lossa (+SD) 
Pulse 2 
Post 
Exposure 
Time (h) 
Pulse 2 
50 3  25.5  (2.7) 48   
50 3 0 17.7  (3.1) 24   
50 3 24 26.4  (0.9) 24 29.6 (5.3) 12 
50 3 96 23.9  (10.3) 24 20.0 (3.6) 24 
50 9  52.7  (18.3) 48   
50 9 0 36.6  (1.5) 24   
50 9 24 21.5  (2.0) 24 28.3 (2.5) 24 
50 9 96 35.0  (5.9) 12 40.2 (4.8) 24 
50 12  37.6  (2.6) 24   
50 Cont  38.2  (6.3) 48   
100 3  24.6  (3.3) 12   
100 3 0 34.0  (4.1) 12   
100 3 96 20.4  (2.7) 0 20.4  (9.1) 48 
100 3 144 22.3  (3.2) 12 24.8  (4.1) 48 
100 9  29.1  (3.3) 12   
100 9 0 29.0  (1.6) 24   
100 9 24 33.8  (4.0) 12 26.7  (5.6) 0 
100 9 48 32.0  (0.8) 48 29.8  (8.0) 0 
100  Cont  36.6  (5.0) 48   
200 3  30.6  (3.3) 48   
200 3 0 45.1  (9.9) 12   
200 3 24 28.6  (7.5) 12 25.8  (12.4) 12 
200 9  34.3  (3.9) 0   
200 9 0 43.3  (3.6) 12   
200 9 24 29.9  (8.6) 0 37.2  (1.5) 0 
200  12  23.5  (4.8) 0   
200 Cont  32.9  (6.0) 24   
a The maximum percent Na loss (mean + standard deviation; n=3) was calculated using 
the linear regression of the mean control values for that experimental treatment.  Percent 
of control whole-body sodium was calculated using the equation: Percent control sodium 
= [Na]/ mx+b; where m and b represent the slope and y-intercept of the control linear 
regression, respectively, and x represents the time.  
 
 
 
 
 
 
 86 
             
           
 
Figure 2.1.  Daily percent mortality of larval P. promelas due to A: continuous Cu 
exposures and B: single pulse exposures at 50, 100, and 200 µg/L Cu.  
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Figure 2.2.  Daily percent mortality of larval P. promelas due to double pulse exposures 
of 50, 100, and 200 µg/L Cu for 3 or 9h durations with various recovery times. 
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Figure 2.3.  Whole-body sodium (µmol Na/mg dry wt) response of larval P. promelas 
exposed continuously to 50, 100, or 200µg/L Cu.  Asterisks indicate a copper treatment 
that is significantly different (p<0.05) from the control at that time point.  Dashed line 
represent ~30% whole-body sodium deviation from control linear regression. 
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Figure 2.4.  Whole-body sodium (µmol Na/mg dry wt) response of larval P. promelas 
exposed to single or double pulses of 50µg/L Cu for 3 or 9h.  Arrows indicate exposure 
initiation.  Asterisks indicate a copper treatment that is significantly different (p<0.05) 
from the control at that time point.  Dashed lines represent ~30% whole-body sodium 
deviation from control linear regression. 
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Figure 2.5.  Time to recovery (h) for larval P. promelas exposed to one or two pulses of 
50, 100, or 200 µg/L Cu for 3 or 9h with various recovery times (0-144h).  Recovery was 
defined as the time at which the treated organisms were no longer statistically different 
from their temporal controls (ANOVA; p<0.05).  “No Recovery” indicates pulse 
exposures that did not recover during the recovery time allowed.  “N/A” indicates 
experimental regimes not tested.  
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Figure 2.6.  Percent mortality of larval P. promelas as a function of percent of control 
whole-body sodium of all exposure treatments and all time points (n=212).  The percent 
mortality used for the correlation represents only those organism’s alive the day of WB 
Na sampling; organisms that died or were collected in the days before were removed 
from the total.  The dashed vertical line represents the proposed threshold for lethality, 
~30% decline in WB Na from control values.   
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CHAPTER 3: 
 
RECOVERY OF LARVAL FATHEAD MINNOWS (PIMEPAHLES PROMELAS)  
 
FROM PULSED COPPER EXPOSURES: BIOCHEMISTRY 
 
ABSTRACT 
 
 Whole-body Na+/K+-ATPase and whole-body carbonic anhydrase activities were 
measured in larval fathead minnows (Pimephales promelas) exposed to multiple pulses 
of copper to characterize potential mechanisms aiding in the recovery of whole-body 
sodium.  The fluctuations in enzyme activities were compared with the change in whole-
body sodium during continuous, single, and double pulse exposures of 50 and 100µg/L 
Cu over 21d.  Larval P. promelas were exposed to a single copper pulse for 3, 6, 9, or 
18h and to a double pulse of 3 or 9h with a 24 or 96h recovery interval.  The amount of 
time allowed between pulsed copper exposures influenced the response of the organisms 
to a second pulse.  Organisms that were in the 24h recovery treatment did not fully 
recover whole-body sodium but demonstrated resistance to any further sodium loss when 
exposed to copper.  Following a recovery time of 96h, the second pulse resulted in 
significant reduction in whole-body sodium but recovery was faster. While both enzymes 
had a poor correlation to whole-body sodium the carbonic anhydrase correlation was 
statistically significant (r2=0.1025, p=0.004).  In general, Na+/K+-ATPase activity was 
not significantly different (p<0.05) from control values in any treatment; however, this 
was likely due to the need to measure whole-body activity rather than isolated gill tissue.  
Inhibition of carbonic anhydrase activity appeared to be duration dependent; 9 and 18h 
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single pulses were significantly (p<0.05) reduced upon copper exposure.  Further, 
carbonic anhydrase followed the trend of the whole-body sodium concentrations during 
and following the exposures to copper, but whole-body sodium recovered prior to 
carbonic anhydrase recovery.  Though, carbonic anhydrase inhibition may explain the 
decline in sodium uptake during the copper exposure, it does not explain the 
compensation during recovery periods or the protective responses illustrated after a 
second pulse exposure.  These results suggest that there may be a combination of 
mechanisms aiding in the compensation and recovery of whole-body sodium as well as 
the resistance of the organisms to further loss during subsequent copper exposures.   
 
INTRODUCTION 
 
 The toxic mechanism of copper in freshwater fish has been accepted as the 
disruption of sodium balance by an inhibition of sodium influx and an increase in sodium 
efflux at the gill (Grosell et al. 2002; Lauren and McDonald 1985, 1986, 1987a, 1987b).  
Whole-body sodium has been shown to be a reliable and quantifiable measure of copper 
exposure in aquatic organisms (Croke and McDonald 2002; Grippo and Dunson 1991; 
Taylor et al. 2000), as well as recovery once the copper exposure was terminated (Zahner 
et al. 2006; Lauren and McDonald 1987a; Chapter 2).  In a companion paper the 
physiological recovery of fish following multiple pulsed copper exposures was examined; 
the whole-body sodium concentrations in larval Pimephales promelas significantly 
decreased during brief (3-18h) copper exposures to 50 and 100µg/L Cu.  These results 
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provided evidence that copper likely inhibits sodium uptake and increases sodium efflux, 
resulting in an imbalance in sodium within the organism.  When placed in a control water 
recovery environment after the copper exposure, organisms were able to compensate for 
sodium losses and fully recover within 96h, indicating that sodium uptake mechanisms 
were restored.  When re-exposed to a second copper pulse, the recovery interval between 
pulses was found to influence the response and recovery to subsequent exposures.  
Following shorter recovery intervals of 24h, the already reduced whole-body sodium 
concentrations did not change following a second pulse exposure of copper; indicating 
that organisms did not physiologically acknowledge a second copper exposure.  And 
following the longer recovery intervals of 96h, organisms lost an equal amount of sodium 
as the first exposure, but recovery of sodium to control levels occurred faster (~48h).  
The increased resistance to copper toxicity following these multiple pulse exposures 
suggested that organisms may be controlling any further sodium efflux and upregulating 
mechanisms responsible for sodium uptake in the gill during the recovery periods in 
uncontaminated water and these mechanisms may remain active during subsequent 
exposures (Diamond et al. 2006; Bearr et al. 2006). 
   Currently the Na+/K+-ATPase pump, along the basolateral membrane of the gill 
epithelium, has been accepted as the primary site of sodium uptake inhibition by copper, 
as well as the main enzyme involved in acclimation and recovery of ion homeostasis 
(Lauren and McDonald 1987b; McDonald and Wood 1993; Wood 2001).  Copper is 
known to compete with Mg2+ at the binding site on the Na+/K+-ATPase enzyme, 
hindering the phosphorylation of the enzyme that results in sodium transport across the 
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basolateral membrane (Skou 1990; Li et al. 1996; Grosell et al. 2002).  Copper has also 
been hypothesized to indirectly inhibit the sodium influx across the apical gill membrane 
by inhibiting the intercellular carbonic anhydrase (CA) enzyme (Grosell et al. 2002).  CA 
is responsible for catalyzing the hydrolysis of CO2 and creating H+ for exchange with Na+ 
across the apical membrane of the gill epithelium.  Copper has been shown to inhibit CA 
in the human isoform CAII by binding to histidine 64, also known as a “proton-shuttle 
group”, and blocking the release of protons from the active site (Tu et al. 1981; Tu and 
Silverman 1989).  Therefore, the inihibiton of CA in the fish gill by copper likely causes 
a decrease in the available H+ for exchange with Na+ along the apical membrane; 
however, this has not yet been demonstrated in freshwater fish (Grosell et al. 2002).  
Although, silver has been shown to inhibit CA in freshwater fish (Morgan et al. 2004) 
and the similarities in the modes of action for silver and copper make it likely that copper 
also inhibits CA.   Thus, it is hypothesized that Na+/K+-ATPase and CA are responsible 
for the recovery of sodium homeostasis by increasing sodium uptake following brief 
copper exposures.  In addition, these enzymes may be involved in protecting the 
organisms from damage incurred in subsequent exposures.  The objective of this research 
was to determine the biochemical mechanism(s) involved in the recovery of whole-body 
sodium following multiple pulse copper exposures.   
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MATERIALS AND METHODS 
 
Toxicity Tests 
 
 Twenty-one day toxicity tests were conducted according to a modified standard 
method that extends the length of the short-term bioassays for estimating chronic toxicity 
for fathead minnows (Pimephales promelas) to a total of 21d, instead of the typical 7-d 
(APHA 2005; pp 8-161).  The extension allowed additional time to characterize longer 
recovery periods and recovery following a second pulse exposure.  In addition, 96h old 
larval organisms were used, instead of <24h old larvae called for by the standard method.  
Larval organisms use their yolk-sac to regulate ions until they have fully functional gills 
at ~96h old (Kaneko et al. 2000; Ayson et al. 1994; Katoh et al. 2000).  Thus, initiating 
the experiments with 96h old allows the site of action to remain consistent between pulse 
1 and 2.  
 Larval fathead minnows (P. promelas) were obtained from a culture maintained at 
the Clemson Institute of Environmental Toxicology (CIET), Clemson University 
(Pendleton, SC, USA).  All organisms were hatched and all exposures were conducted in 
reconstituted laboratory water, hardness of 80 mg CaCO3/L and an alkalinity of 20 mg 
CaCO3/L, made using reagent grade salts (CaSO45H2O, MgSO4, KCl, and NaHCO3; 
Fisher Scientific, Pittsburgh, PA, USA) and kept continuously aerated in a 50-L 
polyethylene carboy until use.   
 Larvae were transferred to test vessels 96 + 3h after hatching, which initiated the 
exposure.  Controls consisted of copper-free medium (< 5µg/L Cu), while the treatments 
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consisted of copper-free medium plus the appropriate volume of a Cu2+ stock, as CuSO4 
(Sigma, St. Louis, MO, USA).  All solutions were allowed to equilibrate for at least one 
hour after mixing before use.  All test treatments were conducted in 600-ml 
polypropylene beakers with 250 ml of appropriate test media at 25 + 1OC.  Each 
treatment contained six replicates; three replicates were collected for physiological 
measurements of whole-body sodium and three replicates were collected for biochemical 
measurements of Na+/K+-ATPase and carbonic anhydrase enzymes.      
 At test initiation, fifteen 96 + 3h old larval fathead minnows were transferred to 
each test vessel containing exposure environments and either ten to fifteen organisms 
were transferred to control vessels.  Organisms were not fed during exposures to reduce 
the potential binding of copper to organic sources in the food.  For the recovery intervals, 
at exposure termination, greater than 80% of the treated water was removed and replaced 
with 250 ml of control water.  This constituted a recovery environment with dissolved Cu 
concentrations <5 µg/L Cu.  Organisms were fed 0.1-0.4 g of newly hatched Artemia 
nauplii twice daily during recovery intervals.  For the double pulse exposures, at the end 
of the recovery interval, greater than 80% of the control water was removed and replaced 
with 250ml of copper water.  After the second exposure ended, copper treated water was 
again exchanged for control water and recovery in all treatments was followed until 21d.  
Water was renewed daily in all beakers during recovery intervals. Mortality was recorded 
at the sampling time and dead organisms were removed.  Dead animals were not 
analyzed for physiological or biochemical measurements.  
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Experimental Design 
  
The biochemical recovery of larval P. promelas from a pulsed copper exposure 
was assessed using an incomplete factorial design (Table 3.1).  Experimental regimes 
were chosen to elicit physiological effects with only partial mortality. The exposures for 
the Na/K-ATPase activity consisted of the 24h LC50 (nominal 100 µg/L Cu) and two 
durations (3 and 9h) with various recovery times (0, 24, 48, 96, and 144h).  The 
exposures for the carbonic anhyrase activity consisted of one-half the 24h LC50 (nominal 
50 µg/L Cu) and two durations (3 and 9h) with three recovery times (0, 24, 96h).  
Continuous exposures were also conducted for comparison.  Organisms were sampled for 
physiological and biochemical analysis at exposure initiation and termination, as well as 
12, 24, 48, 96, and 144h post-exposure and various times until the end of the experiment 
at 21d.  The main objective of this experimental design was to collect physiological and 
biochemical data; therefore, if needed, animals may have been collected from other 
treatments to satisfy for earlier sample collections.  Thus, due to the limitation on 
organism numbers (each experiment required 2300-2800 larval fish) and high amounts of 
mortality, some treatments were not followed for the entire 21d.  
 
Whole-body-Na+/K+-ATPase, and -Carbonic Anhydrase Analysis 
 
At each sampling time point, a total of six replicates for both the control and 
copper treatment were removed from the experiment for physiological and biochemical 
analysis.  Three replicates of the control and copper treatment (n=3) were collected for 
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whole-body sodium analysis (Chapter 2) and three replicates (n=3) of each were collected 
for Na+/K+-ATPase and carbonic anhydrase analysis; therefore, each data point represents 
a total of 30 organisms for whole-body sodium and 15 organisms for each enzyme.  
Surviving organisms in each replicate were counted and the dead organisms were 
removed from the beaker. Surviving organisms were collected on a cotton filter paper 
(Whatman No. 1; Whatman, Clifton, NJ, USA) via vacuum filtration.  The isolated 
organisms on the filter were rinsed with approximately 50 ml of deionized Milli-Q® 
water (Millipore, Bedford, MA, USA) to remove external media.  Organisms were 
collected as a small pellet and transferred using fine-point forceps to appropriate storage 
containers for later analysis. Any organism that was mutilated during transfer was 
discarded.   
 For both Na+/K+-ATPase and carbonic anhydrase enzyme analysis, fish pellets 
were transferred to 1.5mL centrifuge tubes and immediately stored at -80OC until 
analysis.  Na+/K+- ATPase analysis followed the microplate method documented in 
McCormick (1993).  Whole larval P. promelas were thawed and homogenized using a 
plastic hand homogeniazer in ice-cold 100µl SEID buffer (80µl SEI + 20µl SEID).  SEI 
buffer was prepared with 150mM sucrose, 10mM EDTA, and 50mM imidazole and 
0.25g sodium deoxycholate was added to 50mL SEI buffer to produce SEID buffer; both 
were pH adjusted to 7.3 using 0.1M HCl.  All samples were kept on ice during the 
homogenization process and then centrifuged at 8000g for 2min at 4OC.  Enzyme activity 
was measured in the supernatant using two reaction mixture assays (A and B).  Reaction 
mixture A contained 5µl of sample, 150µl working solution A, and 50µl of the salt 
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solution to initiate the reaction.  Reaction mixture B contained 5µl of sample, 150µl 
working solution B, and 50µl of the salt solution to initiate the reaction.  Working 
solution A included 4 enzymatic units/mL lactate dehydrogenase, 5 enzymatic units/mL 
pyruvate kinase, 2.8mM phosphoenolpyruvate, 3.5mM adenosine triphosphatase (ATP), 
0.22 nicotinamide adenine dinucleotide phosphate, and 50mM imidazole; pH adjusted to 
7.5 using 0.1M HCl.  Reaction mixture B was prepared by adding 1.5mM of ouabain (3x 
recommended concentration) to reaction mixture A; pH adjusted to 7.5.  The salt solution 
consisted of 189mM NaCl, 10.5mM MgCl2, 42mM KCl, and 50mM imidazole; pH 
adjusted to 7.5 using 0.1 M HCl.   Reaction mixtures were analyzed at 340nM in a kinetic 
assay over 10 min in a temperature controlled (25oC) microplate reader (SpectraMax 190, 
Molecular Devices, Sunnyvale, CA, USA).  All samples were run in duplicate for 
reaction A and B.  Na+/K+-ATPase activity was calculated by subtracting the average 
Vmax for reaction mixture B from the average Vmax for reaction mixture A and dividing 
by the slope of the NADH standard curve (0-20nM/10µl).  All samples were normalized 
to protein content, which was measured using a BCA Protein Assay kit (Pierce, 
Rockford, IL, USA).            
 Carbonic anhydrase analysis followed the electrometric delta pH method 
described in Henry (1991). Whole larval P. promelas were thawed and homogenized 
using a plastic hand homogenizer in ice-cold buffer (10mM TRIS base, 225mM mannitol, 
and 75mM sucrose; pH adjusted to 7.4 using 10% H3PO4).  All samples were kept on ice 
during homogenization process and then centrifuged at 8000g for 2min at 4OC.  Enzyme 
reaction occurred in a 2mL glass well connected to a 4oC recirculating water bath.  Two 
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reactions (uncatalyzed and catalyzed) were run in order to calculate the enzyme activity 
for every two samples.  The uncatalyzed reaction, run in duplicate, consisted of no 
sample, 2ml buffer, and the reaction was initiated with the delivery of 40µl CO2 saturated 
Milli-Q® water using an air-tight syringe.   The catalyzed reaction, run in triplicate, 
included 2µl sample, 2ml buffer, and the reaction was initiated with 40µl CO2 saturated 
water.  The rate of a 0.15unit (7.4-7.25) pH change, after the addition of the CO2 
saturated water, was measured using a combined micro-pH electrode (pHC4000, 
Radiometer Analytical, Villeurbanne Cedex, France) connected to a multi-channel 
pH/mV meter (Orion 525A, Orion Research, Beverly, MD, USA).  The average 
uncatalyzed and catalyzed rates were adjusted to the number of protons (H+) released by 
dividing the rates by the buffering capacity.  The buffering capacity was calculated by 
measuring the difference in pH after the addition of 40µl of 0.1N HCl to 2mL buffer.   
The total carbonic anhydrase activity was then calculated by subtracting the uncatalyzed 
rate from the catalyzed rate.  All samples were normalized to protein content, which was 
measured using a BCA Protein Assay kit (Pierce, Rockford, IL, USA). 
 
Chemical Analysis 
  
  Water quality parameters were measured at exposure initiation and several times 
during the recovery period (mean + standard deviation; D.O. = 8.04 + 0.43 mg/L, pH = 
7.62 + 0.30, temperature = 24.09 + 0.29 OC, alkalinity = 20.47 + 1.50 mg/L CaCO3, 
hardness = 85.81 + 9.73 mg/L CaCO3).  Alkalinity and hardness of the solutions were 
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measured at test initiation using colorimetric titration with 0.02 N H2SO4 and 0.01 M 
ethylenediaminetetraacetic acid (EDTA), respectively.  Dissolved oxygen (DO) and pH 
were measured using a dissolved oxygen meter (YSI 85; Yellow Springs Instruments, 
Yellow Springs, OH, USA) and an Orion-Ross (Orion Research, Beverly, MD, USA) 
combination pH electrode, connected to a multi-channel pH/mV meter (Orion 525A), 
respectively.  Dissolved Cu samples were taken at exposure initiation, termination, and 
during recovery intervals.  Samples were acidified (1 drop of concentrated HNO3/ 10 ml 
of sample) after being filtered through a 0.45 µm Gelman nylon filter (Pall, East Hills, 
NY, USA) and stored in 15-ml polyethylene vials.  Samples were measured by flame-
atomic absorption spectroscopy (Perkin-Elmer AA800).  
 
Data Treatment 
 
All statistical analysis was conducted using SAS version 9.2 (SAS, Cary, NC, 
USA).  Mean whole-body sodium concentration, Na+/K+-ATPase activity, and carbonic 
anhydrase activity were compared to their respective temporal control using a one-way 
ANOVA and Tukeys LSD test.  “Recovery” was determined as the time at which the 
physiological or biochemical measurement of the copper treated organisms was no longer 
statistically different from their temporal control.  The correlation of percent of control 
Na+/K+-ATPase and percent of control carbonic anhydrase with percent of control whole-
body sodium was statistically analyzed using regression analysis.  Statistical significance 
was determined with a p<0.05. 
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RESULTS 
 
Na+/K+-ATPase Activity   
 
 P. promelas exposed continuously to 50 µg/L copper showed a slight decrease in 
Na+/K+-ATPase activity by 12h; however, it was not significantly different (p>0.05) from 
the control activity (Figure 3.1).  The Na+/K+-ATPase activity of the copper treated 
organisms returned to control levels by 24h and remained similar to the controls for the 
rest of the exposure duration.  
 The effect of copper on the Na+/K+-ATPase activity of larval P. promelas was 
also tested with multiple pulse exposures at a higher concentration of copper, 100µg/L 
Cu (Appendix B).  The mean + standard error Na+/K+-ATPase activities of larval P. 
promelas for control and 100µg/L Cu were 3.78 + 0.11 (range: 1.82-5.66) and 3.65 + 
0.10 mmol ADP/µg protein/h (range: 1.68-5.60), respectively.  There were no significant 
deviations of the Na+/K+-ATPase activity of the copper treated larval P. promelas from 
the control activity in any exposure treatment (Appendix B).  There were slight 
reductions within 12h following the copper exposure in some treatments; however, none 
of these activities were significantly different from their respective temporal controls. 
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Carbonic Andyrase Activity 
 
 The carbonic anhydrase activity of larval P. promelas continuously exposed to 
50µg/L Cu dropped to 71% of control CA activity within 3h, (24.01 + 1.20 and 31.86 + 
4.18 µmol H/mg protein/h (mean + standard error, n=3), respectively) (Figure 3.1; 
Appendix C).  The CA activity remained reduced by 7-13 µmol H/mg protein/h 
compared to controls throughout most of the experimental period.  
 The mean + standard error of larval P. promelas CA activities for control and 
50µg/L pulse copper exposures were 29.65 + 0.71 (range: 10.56-49.83) and 23.48 + 0.71 
µmol H/mg protein/h (range: 1.72-38.74), respectively.  The mean and minimum CA 
activity of the 50µg/L Cu treatment was reduced compared to control values due to the 
exposure to copper.  The effect of copper on CA activity of larval P. promelas appears to 
be duration dependent.  The 3 and 6h single pulse exposures to 50µg/L Cu resulted in a 
reduction to ~70-80% of control CA activity, but copper treated organisms were never 
significantly different (p>0.05) from controls at any time point and were similar to 
control activities during the entire experimental period (Figure 3.2).  However, the 9 and 
18h single pulse exposures to 50µg/L Cu resulted in significant (p<0.05) reductions in 
CA activity (Figure 3.2).  The 9h single pulse exposure was immediately reduced 
compared to controls but it was not significant until 24h with a reduction of ~50% of 
control CA activity.  The CA activity of the treated organisms remained reduced 
compared to controls for up to 288h (or 12d).  The 18h single pulse was immediately 
significantly reduced to ~70% of control CA activity and remained reduced until it 
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reached control activities around 144h post exposure.  Although both the 9 and 18h single 
exposures recovered to control values, it did not occur until days after the whole-body 
sodium concentrations had already recovered (Figure 3.2). 
 The response and recovery of CA activity following double pulse exposures of 
50µg/L Cu was dependent upon the recovery interval allowed.  In both the 3 and 9h 
exposures there was a significant reduction in CA activity by 24-48h post exposure 
(Figure 3.3).  As expected, there was no recovery prior to the second pulse exposure that 
followed a short recovery interval of only 24h (Figure 3.3A).  Following a second pulse 
exposure there was no further effect of the copper on CA activity of the treated 
organisms; the CA activity remained reduced to ~50-70% of control CA activity.  Like 
the whole-body sodium response, the CA activity did not acknowledge a second pulse 
exposure indicating it was not additive to the first exposure.  The CA activity of both the 
3 and 9h exposure durations increased to meet control values by 96h post exposure 
termination and remained similar to control values for the rest of the experimental period 
(Figure 3.3A).  The trends of the CA activity in the 24h recovery interval treatments were 
similar to the trends of the whole-body sodium, and recovered at the same time. 
 The CA activity in both the 3 and 9h exposure durations recovered by 96h and 
prior to a second exposure when given a longer recovery interval of 96h (Figure 3.3B).  
The CA activity of the treated organisms decreased following a second pulse in an equal 
amount to the first pulse exposure, but was only significant in the 3h duration.  Therefore, 
the exposures become independent of each other at ~96h.  Recovery of the CA activity of 
the treated organisms did not reach control levels until ~288h (or 12d) for the 3h duration 
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and 144h post exposure for the 9h duration (Figure 3.3B).  The trend of the CA activity in 
the longer recovery interval was similar to that of the whole-body sodium, however, CA 
activity did not reach control levels following the second pulse until days after the whole-
body sodium had already recovered. 
 
Correlation Between Whole-body Enzymes and Whole-body Sodium 
 
 Whole-body sodium concentrations, whole-body Na+/K+-ATPase activity, and 
whole-body carbonic anhydrase activity were normalized to percent of control to 
facilitate comparisons among treatments.  The correlations of percent of control Na+/K+-
ATPase and carbonic anhydrase with whole-body sodium are displayed in Figure 3.4.  
The correlations for both enzymes were poor with an r2 of 0.0001 for the Na+/K+-ATPase 
correlation (Figure 3.4A) and 0.1025 for the CA correlation (Figure 3.4B).  Although the 
Na+/K+-ATPase correlation was not significantly different from zero (p=0.9923; n=76), 
the CA correlation was significant with a p=0.0004 (n=118).  Thus, inhibition of the CA 
activity may be affecting the whole-body sodium concentrations, but the correlation is 
weak. 
       
DISCUSSION 
 
 Larval P. promelas have shown an ability to recover following multiple pulsed 
copper exposures (Diamond et al. 2006; Bear et al. 2006).  Zahner et al. (Chapter 2) 
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characterized this recovery by quantifying changes in whole-body sodium and found that 
larval P. promelas recovered by 96h following 3 or 9h exposures to 50 or 100µg/L Cu.  
The compensation of whole-body sodium during recovery intervals indicated that 
organisms were able to repair sodium uptake mechanisms and regain whole-body 
sodium.  The recovery interval between copper pulses had an effect on the response of 
the organisms to a second pulse exposure to copper.  Following short recovery intervals 
(< 48h) organisms demonstrated an increased resistance to any further sodium loss while 
longer recovery intervals (> 96h) resulted in quicker sodium recovery than following the 
first pulse.  The resistance to further copper toxicity following a second pulse exposure 
suggested that the organisms were controlling any further sodium efflux and potentially 
upregulating sodium uptake mechanisms to help compensate for sodium losses and these 
mechanisms may have protected organisms from further damage during subsequent 
pulses. 
 We hypothesized that an increase in Na+/K+-ATPase and carbonic anhydrase 
enzyme activity could be responsible in assisting the recovery of sodium and protecting 
organisms from further copper toxicity due to subsequent pulses.  In order to test this 
hypothesis, fish exposed to copper pulses were collected to measure Na+/K+-ATPase and 
carbonic anhydrase enzyme activities.  It is important to note that the organisms collected 
for the physiological (whole-body sodium) and biochemical (enzymes) measurements 
were from the same cohort and tested at the same time for each treatment.  This allowed 
for the direct comparison of whole-body sodium and whole-body enzyme fluctuations.    
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 Freshwater fish are osmoregulators, requiring the active uptake of sodium (Na+) 
to counteract the diffusive loss from the plasma.  Sodium constantly diffuses from the 
highly concentrated plasma to the dilute water through paracellular junctions between the 
gill cells.  In order to maintain homeostasis, sodium must be actively transported from the 
surrounding water, across both the apical and basolateral membranes of the gill 
epithelium, in order to replenish the depleted plasma.  Copper, as well as silver (Ag+), 
disrupts sodium homeostasis in fish by affecting both the sodium efflux and influx 
resulting in a net sodium loss from the organism that indirectly results in mortality 
(Lauren and McDonald, 1985, 1986, 1987a, 1987b; Grosell et al. 2002).   
 Ca2+ ions along the paracellular junctions are known to control the constriction of 
the junction and restrict the amount of sodium loss to the environment.  Copper can 
displace the Ca2+ ions resulting in an expansion of the junction and an increased efflux of 
sodium out of the fish (Lauren and McDonald 1986).  However, adult freshwater fish 
have demonstrated the ability to control sodium efflux during continuous exposure to 
copper or silver, thus decreasing the amount of sodium lost (Lauren and McDoanld 
1987a; Webb and Wood 1998).  The control of sodium efflux may be due to increasing 
the Ca2+ ions along the paracellular junction resulting in the constriction of the junctions, 
or by reabsorbing Na+ in the kidney and urinary bladder and decreasing the amount 
excreted.   
  Copper has also been demonstrated to inhibit Na uptake across the gill 
membranes in juvenile and adult freshwater organisms (Lauren and McDonald 1987a, 
1987b; Vitale et al. 1999); and the site of action is the inhibition of Na+/K+-ATPase 
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(Grosell et al. 2002).  The Na+/K+-ATPase enzyme, located on the basolateral membrane 
of the gill epithelium, is responsible for actively transporting three Na+ ions, located in 
the gill, across the membrane and into the plasma via an exchange for two K+ ions (Skou 
and Esmann 1992; Skou 1990; Parks et al. 2008).   Cu2+ is known to compete with Mg2+ 
at the binding site on the enzyme, hindering phosphorylation of the enzyme that results in 
Na transport (Li et al. 1996; Grosell et al. 2002; Skou 1990).  Thus, inhibition of the 
Na+/K+-ATPase results in a decrease in sodium influx into the plasma, which has been 
quantified for both copper and silver (Lauren and McDonald 1987b; Bianchini and Wood 
2003; Li et al. 1988; Morgan and Wood 2004; Morgan et al. 2004a; Morgan et al. 2004; 
Blanchard and Grosell 2006).  In addition, Lauren and McDonald (1987b) demonstrated 
that an increase in Na+/K+-ATPase activity aided in the acclimation of juvenile rainbow 
trout to continuous copper exposure and total gill Na+/K+-ATPase activity increased to 
2.5x the controls when trout were placed in a copper free recovery environment.  Thus, if 
Na+/K+-ATPase activity was increased in larval P. promelas during the recovery 
intervals, as it was in the juvenile rainbow trout, then it could assist in compensating for 
sodium losses.  In addition, if the activity remained high when a subsequent exposure 
occurred, then the Na+/K+-ATPase could compensate organisms for any further toxic 
effects of copper and facilitate faster recovery. 
 Na+/K+-ATPase activity had a poor and insignificant correlation to whole-body 
sodium response (r2 = 0.0001; p = 0.9223).  Following the initiation of the exposure, the 
Na+/K+-ATPase activity in most treatments was slightly reduced by ~24h and quickly 
recovered by ~48h post exposure termination.  But overall, there was no statistically 
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significant effect of multiple pulsed or continuous exposures of 100µg/L Cu on Na+/K+-
ATPase activity in larval P. promelas.  The lack of response of the enzyme activity to 
continuous copper exposures suggests that there may have been error in our ability to 
measure the activity.  All previous studies quantifying the enzyme activity in juvenile and 
adult fish used only the gill tissue that contains high amounts of the enzyme (McCormick 
1993).  The present research measured the activity in the whole-body of five pooled 
larval P. promelas and only one study was found that measured Na+/K+-ATPase activity 
in the whole-body of an organism (Daphnia magna).  Therefore, the ability to resolve 
differences in gill enzyme activity alone may have been reduced due to dilution by all the 
Na+/K+-ATPase enzymes in the whole organism.  Acute copper exposures primarily 
result in the inhibition of gill Na+/K+-ATPase activity in freshwater fish; however, 
Na+/K+-ATPase enzymes exist in most cells within the body of the fish.   Thus, the large 
number of Na+/K+-ATPase in the whole organism may dilute any difference in gill 
Na+/K+-ATPase.  In addition, the number of organisms that could be collected for each 
sample was limited in this research due to the large number required for dual 
physiological and biochemical measurements.  In future studies an increase in the mass 
collected may provide a higher activity that could be quantified and provide better 
resolution to the effect of copper on Na+/K+-ATPase activity.  Further, an increase in the 
number of replicates may help to decrease the large variability.   
 Nevertheless, the response of Na+/K+-ATPase activity to copper exposure has not 
been found to have a perfect correlation with whole-body sodium loss, nor with its 
recovery (Lauren and McDonald 1987b).  Lauren and McDonald (1987b) found that 
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although Na+/K+-ATPase was a significant factor in the explanation of the inhibition and 
recovery of Na uptake when rainbow trout were exposed to copper for 28d, it did not 
explain how the sodium uptake was completely recovered ~14d prior to recovery of 
Na+/K+-ATPase activity.  Many researchers have concluded that Na+/K+-ATPase does 
not completely explain the inhibition of sodium uptake when aquatic organisms are 
exposed to copper or silver (Lauren and McDonald 1987b; Morgan and Wood 2004; 
Morgan et al. 2004; Grosell et al. 2002).  During a time course analysis of the inhibition 
of sodium uptake by silver in rainbow trout, Na+/K+-ATPase activity was not 
significantly inhibited until 24h (Morgan et al. 2004).  Copper and silver have similar 
modes of action and both result in disruption of sodium homeostasis (Grosell et al. 2002), 
thus, it is likely that copper would take up to 24h to inhibit the enzyme as well.  Based on 
this timeline, the brief exposures (3-18h) in this study would not have allowed enough 
exposure time for copper to significantly inhibit the Na+/K+-ATPase enzyme.  The time 
course study by Morgan et al. (2004) also measured the response of carbonic anhydrase 
activity to silver exposure, and found that CA was inhibited within 1h of exposure.  The 
authors concluded that the inhibition of CA explained the immediate inhibition of sodium 
uptake upon exposure to silver, and that Na+/K+-ATPase inhibition explained the later 
increased inhibition of sodium uptake.  Based on the similarities between silver and 
copper toxicity, carbonic anhydrase activity inhibition and recovery may explain the 
results of the present study. 
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 Carbonic anhydrase is responsible for catalyzing the hydration of carbon dioxide 
in the intercellular membrane of the gill epithelium (Henry 1996; Henry and Swenson 
2000; Randall and Brauner 1998). 
 CO2 + H2O HCO3- + H+ 
The protons produced in the reaction are actively pumped across the apical membrane via 
the proton pump, creating an electrochemical gradient that attracts sodium entry from the 
surrounding water through the apical sodium channels (Grosell et al. 2002; Boisen et al. 
2003; Randall and Brauner 1998).  Therefore, carbonic anhydrase in the freshwater gill 
epithelium is responsible for rapidly supplying the apical membrane with H+ and HCO3- 
for exchange with Na+ and Cl-.  Copper has been shown to inhibit CA in the human 
isoform CAII by binding to histidine 64, an amino acid located near the active site of the 
enzyme (Tu et al. 1981).  His64 functions as a “proton-shuttle group” and when inhibited 
by copper, it blocks the release of a proton from the active site and prevents the 
regeneration of the active form of the enzyme (Tu et al. 1981; Tu and Silverman 1989).  
The inhibition of the CA enzyme in vivo has been demonstrated when freshwater 
organisms are exposed to heavy metals, such as cadmium and silver (Morgan et al. 2004; 
Vitale et al. 1999; Lionetto et al. 1998), and CA inhibition has been shown in crab gills 
when exposed to copper in vitro.  However, copper did not adversely affect CA activity 
when Fundulus heteroclitus were exposed in vivo (Blanchard et al. 2006) and has not yet 
been shown to inhibit CA activity in freshwater fish (Grosell et al. 2002).  
 This study measured a significant inhibition of carbonic anhydrase activity in the 
freshwater larval fish, P. promelas, exposed to multiple pulses of copper.  During 
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continuous exposure to 50µg/L Cu, whole-body sodium significantly declined within 3h 
of exposure initiation and reached a plateau in sodium loss by ~48h.  CA activity also 
decreased by 3h but was not significantly inhibited until 12h, although it also reached a 
plateau in inhibition between 48-96h (Figure 3.1).  Whole-body sodium also significantly 
decreased by 3h in single pulse copper exposures, but there was no inhibition in the CA 
during these exposures.  The decrease of the CA activity in single pulse copper exposures 
appeared to be dependent upon the duration of the exposure; the 9 and 18h exposures 
resulted in a more consistent and significant reduction in activity compared to the 3 and 
6h exposures.  Exposure duration has been shown to affect organism response more than 
contaminant concentration in pulsed exposures (Hoang et al. 2007; Zhao and Newman 
2004; Naddy and Klaine 2001; Jarvinen et al. 1988; Parsons and Surgeoner 1991; Pascoe 
and Shazili 1986).  The effect of copper on CA activity inhibition followed a similar 
trend to that of the whole-body sodium reduction, but was not the sole explanation for the 
disruption of sodium homeostasis.  
 The pulse exposure treatments found similar results with an immediate reduction 
in CA activity, but it was not significant until 12-24h post exposure initiation (Figure 
3.2). The lack of significant inhibition immediately following copper exposure disagrees 
with findings from cadmium and silver exposures, which saw significant CA inhibition 
within 1-h of exposure (Lionetto et al. 1998; Morgan et al. 2004).  The rapid inhibition of 
CA within an hour of exposure to cadmium or silver was due to the apical location of the 
enzyme in the gill (Lionetto et al. 1998; Morgan et al. 2004).  CA is highly concentrated 
close to the apical membrane in the gill epithelium (Randall and Brauner 1998; Henry 
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and Swenson 2000); hence copper reaches this enzyme well before the Na+/K+-ATPase 
enzyme located on the far basolateral membrane. Like the Na+/K+-ATPase assay, the gill 
CA activity in this study may have been underestimated due to the analysis of the CA 
enzyme activity within the whole organism.  Like the Na/K-ATPase enzyme, CA 
enzymes are located in most cells within the body of the freshwater fish; therefore, CA 
activity in the whole-body may have been diluted compared to sampling only the gill, 
where the enzyme is highly concentrated.  Additionally, the effects of copper on the CA 
activity may have been more pronounced if there was a greater organism mass available 
for each replicate.  The lack of live organisms available for sampling hindered the 
number of organisms that could be collected for each replicate, as well as limited the 
number of replicates to be analyzed for some time points.  Nevertheless, these results 
suggest that the inhibition of CA by copper may influence the reduction in sodium 
uptake, resulting in the illustrated decline of whole-body sodium concentrations. 
 CA activity also demonstrated an ability to recover when organisms were moved 
to a copper-free recovery environment, however it occurred much later than the recovery 
of whole-body sodium (Figure 3.3).  Again, CA activity followed a similar trend as 
whole-body sodium concentrations.  Following short recovery intervals (24h) there was 
no recovery of CA activity or whole-body sodium to control levels, and following a 
second pulse exposure to copper there was no significant change in the CA activity or 
whole-body sodium concentrations.  Following longer recovery intervals (96h), CA 
activity and whole-body sodium recovered to control levels prior to the second exposure.  
After the second exposure, CA activity and whole-body sodium concentrations were 
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reduced in an equal amount to the first pulse exposure; however, whole-body sodium 
recovered within 48h and CA activity required 144-288h to recover.  These results 
demonstrated that CA activity might influence sodium balance in freshwater fish exposed 
to copper by decreasing the production of H+ needed for exchange along the apical 
membrane for Na+.  The correlation, although significant, was not strong; thus, indicating 
there were probably other additional mechanisms involved in sodium uptake inhibition.  
Further, whole-body sodium recovered prior to CA recovery, indicating that CA was not 
solely involved in the recovery of sodium uptake or resistance of larval P. promelas to 
episodic copper exposures.  
 There are other causes that may explain these phenomena, including the recovery 
of sodium efflux and a tolerantly skewed distribution prior to the second exposure.  
Copper is known to displace the Ca2+ ions along the paracellular junction, which control 
the constriction of the junction, resulting in an increased passive efflux of sodium from 
the plasma (Lauren and McDonald 1985; Lauren and McDonald 1986; Grosell et al. 
2002).  Freshwater fish have shown an ability to decrease the sodium efflux from the gill 
during chronic copper and silver exposure (Lauren and McDonald 1987a; Webb and 
Wood 1998) and this has been a suggested mechanism in the compensation of sodium 
loss and possible recovery (Lauren and McDonald 1985; Lauren and McDonald 1987a).  
Lauren and McDonald (1987a) suggested that a Na efflux was reduced in rainbow trout 
during chronic copper exposure, by either a decrease in the Na+ gradient due to ion loss 
or by a reduction in epithelial permeability.  In addition, the kidney is also known to be 
involved in ion regulation in freshwater fish (Marshall and Grosell 2008).  Fish may be 
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able to preserve sodium in their bodies by reabsorbing sodium in the distal tubules of the 
kidney and the urinary bladder, thus decreasing the amount excreted by the fish.  The 
reduction of sodium excreted may aid the fish in maintaining sodium balance.  In 
addition, it is likely the first mechanism initiated to control physical loss of sodium.  It 
appears to occur quickly upon exposure termination and aids in any further sodium loss 
following a second pulse.  However, the biochemical sodium uptake mechanisms occur 
much slower and take longer to aid in compensating the sodium loss, thus sodium uptake 
mechanisms would only effect longer recovery periods.  
 A tolerantly skewed population distribution may explain the resistance to further 
copper toxicity and the quick compensatory response following subsequent exposures.  In 
theory, if the population at the initiation of the second pulse has a greater tolerance to a 
copper exposure, then they have a greater probability of surviving than the population at 
the initiation of the first pulse.  At the initiation of the first pulse, organisms were 
normally distributed around the mean; thus, there are an equal proportion of more and 
less sensitive organisms (number of tolerant individuals = number of weak individuals).  
During and following the first pulse copper exposure, weaker organisms should die after 
exceeding their lower threshold for sodium loss.  The surviving organisms will likely 
have a higher threshold for sodium loss, so the remaining individuals are more tolerant to 
the toxicant exposure.  At the initiation of the second pulse, the population is skewed to a 
distribution that is more tolerant of copper and whole-body sodium imbalance; thus, there 
is a greater proportion of less sensitive individuals (number of tolerant individuals > 
number of weak individuals).  This population will have a greater probability of surviving 
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a copper exposure than the organisms during the first pulse because there are a greater 
proportion of tolerant individuals.  Additionally, these organisms will have a greater 
ability to resist further copper loss following short recovery times and will be able to 
compensate faster following longer recovery times. 
 A tolerantly skewed distribution hypothesis is similar to the individual effective 
dose hypothesis.  The individual effective dose (IED) hypothesis states that each 
individual is assumed to have an innate tolerance (or a critical threshold) to contaminants; 
this tolerance is described as an effective dose.  Therefore, individuals whose effective 
dose was lower would have a higher probability of dying, whereas those individuals with 
a higher effective dose would likely survive (Newman and Clements 2007).  This theory 
was recently contradicted by a study demonstrating that the stochasticity hypothesis 
better explained the response D. magna to pulsed copper exposures (Vu 2009).  The 
stochasticity hypothesis states that the risk of dying is the same for all individuals 
because the same stochastic processes are occurring in each individual (Newman and 
Clements 2007).  D. magna were exposed to their age-specific 24h LC50 four times over 
24d and following each exposure 50% of the population died, thus supporting the 
stochasticity hypothesis (Vu 2009).  However, the present study did not see any 
significant increase in mortality following a second pulse exposure (Chapter 2), but the 
organisms were pulsed with the same consistent concentration rather than the age-
specific LC50.  Thus, a similar exposure to that produced by Vu (2009) is needed with P. 
promelas to ascertain whether these organisms have individual critical thresholds.  
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CONCLUSIONS 
 
 The results of this research were inconclusive as to whether our hypothesis that 
Na+/K+-ATPase and/or CA were assisting in the compensation and recovery of larval P. 
promelas.  However, the results illustrated that these mechanisms were not solely 
responsible for the recovery responses of larval P. promelas following multiple pulse 
copper exposures.  Several mechanisms were likely involved in the compensation of 
whole-body sodium, as well as the increased resistance and faster recovery following a 
second pulse exposure.  Both Na+/K+-ATPase and CA enzymes were likely involved in 
the increased sodium uptake during the recovery periods, but further investigation is 
needed to clarify the magnitude of their contribution in larval fish.  The resistance and 
increased compensatory response of whole-body sodium following the second pulse 
copper exposure may influenced by a decreased sodium efflux from the gill and kidney, 
which appears to occur quickly after exposure termination.  A combination of these 
mechanisms likely explains the response of larval P. promelas to multiple pulse copper 
exposures, yet the individual contribution of each needs to be investigated further.  A 
better understanding and quantification of these resistance and recovery mechanisms will 
ultimately aid in the development of physiologically-based models that predict toxicity of 
freshwater organisms to brief pulse copper exposures. 
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Table 3.1.  Experimental treatments and analysis 
Concentration 
(µg/L Cu) a 
Duration (h) Recovery 
Interval (h) 
Number 
of Pulses 
Biochemical 
Analysisb 
50 (38.4 + 5.8) 3, 6, 9, 12, 18   1 CA 
50  (43.1 + 3.2) 3, 9 24, 96 2 CA 
50 (43.89) Continuous   CA & Na/K-
ATPase 
100 (90.7 + 5.9) 3, 6, 9   1 Na/K-ATPase 
100 (82.4 + 4.0) 3 96, 144 2 Na/K-ATPase 
100 (85.7 + 6.5) 9 24, 48 2 Na/K-ATPase 
100 (82.65) Continuous   Na/K-ATPase 
a Nominal dissolved Cu concentrations (mean + standard deviation; n=3) 
b All biochemical data presented as mean + standard error (n=2 or 3; depending upon 
number of available live organisms for collection). 
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Figure 3.1.  Na/K-ATPase activity (mmol ADP/µg protein/h), carbonic anhydrase activity 
(µmol H/mg protein/h), and whole-body sodium (µmol Na/mg dry wt) response of larval 
P. promelas exposed continuously to 50µg/L Cu.  Asterisks indicate a copper treatment 
that is significantly different (p<0.05) from the control at that time point. 
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Figure 3.2.  Carbonic anhydrase activity (µmol H/mg protein/h) and whole-body sodium 
(µmol Na/mg dry wt) response of larval P. promelas exposed to 3, 6, 9, or 18h single 
pulses of 50µg/L Cu.  Arrows indicate exposure initiation.  Asterisks indicate a copper 
treatment that is significantly different (p<0.05) from the control at that time point. 
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Figure 3.3.  Carbonic anhydrase activity (µmol H/mg protein/h) and whole-body sodium 
(µmol Na/mg dry wt) response of larval P. promelas exposed to two pulses of 50µg/L Cu 
for 3 or 9h with either a (A) 24h recovery interval or a (B) 96h recovery interval.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly 
different (p<0.05) from the control at that time point.  
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Figure 3.4.  Percent of control whole-body sodium for larval P. promelas as a function of 
(A) percent of control Na/K-ATPase (p=0.9223; n=76) and (B) percent of control 
carbonic anhydrase (p=0.0004; n=118) of all exposure treatments and time points. 
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     CHAPTER 4:   
EFFECTS OF MULTIPLE EPISODIC COPPER EXPOSURES DURING FATHEAD 
MINNOW LIFE-CYCLE BIOASSAYS 
 
ABSTRACT 
 
 Larval fathead minnows (Pimephales promelas) have demonstrated an ability to 
regain sodium homeostasis following pulsed copper exposures when given an adequate 
period of recovery in control water (~96h).  However, these organisms may be allocating 
energy to recovery rather than growth and reproduction.  Organisms in receiving streams 
may experience multiple episodic copper exposures during their lifetime and they may 
accumulate significant effects that reduce growth and reproduction.  The goal of this 
research was to characterize the responses of P. promelas to multiple episodic copper 
exposures during its life-span.  Lethal and sub-lethal (growth, reproduction, whole-body 
sodium, and copper body burden) responses of fathead minnows exposed to a 24h pulse 
of 50µg Cu/L every 4 or 9d were quantified during a life-cycle reproductive toxicity test.  
Mortality was observed 48-72h after the first exposure for larval organisms; no 
significant mortality was seen after day 15.  No significant effects on larval growth 
occurred, however, significant effects on juvenile and adult growth and mass were 
observed (p<0.05).  Reproduction in both copper treatments were reduced compared to 
the controls, but this difference was not significant (p=0.1032).  When exposed to copper, 
whole-body sodium concentrations were reduced and whole-body copper increased 
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during the 24h exposure.  When the copper exposure was removed, whole-body sodium 
concentrations were recovered and copper was depurated within 96h post-exposure 
termination.  Compensation and depuration mechanisms were continually required for 
recovery after each exposure and each time the organism reallocated energy away from 
production.  Thus, multiple episodic exposures occurring over an organisms life-span 
may potentially effect population fitness due to the energetic cost of recovery.   
 
INTRODUCTION 
 
 Concentration and duration are useful factors in predicting toxic responses to 
acute continuous exposures (e.g. 48 or 96h LC50); however, they alone are not capable of 
predicting responses to brief (< 24h), chronic, or multiple pulsed exposures (Clark et al. 
1987; Baugman et al. 1989; Diamond et al. 2006; Diamond et al. 2005; Zhao and 
Newman 2006).  Contaminant exposures in the aquatic environment are typically brief 
pulses that are transient in nature due to discharge patterns, hydrologic fluctuations, and 
physio-chemical interactions with the ambient receiving water (McCahon and Pascoe 
1990; Handy 1994; Reinert et al. 2002).  Organisms experience these contaminant pulses 
multiple times throughout their life-span, and the consequences may accumulate over 
time and result in chronic effects (Seim et al. 1984).  Current water quality criteria do not 
consider effects of episodic exposures because they are developed using acute continuous 
exposure LC50 data (USEPA 1996).  
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 Episodic exposures are characterized by concentration, duration, and frequency of 
events.  Recovery periods between exposures may be particularly important (Hoang et al. 
2007).  Due to the large and expensive experimental designs, frequency of exposure and 
recovery periods between exposures have largely been ignored in research and water 
quality criteria development even though both have been found to significantly affect 
organism responses to subsequent contaminant pulses (Diamond et al. 2006; Bearr et al. 
2006; Zhao and Newman 2006).  Several researchers have recently studied the effects of 
frequency and recovery period on organism response during and following episodic 
copper exposures (Diamond et al. 2005; Diamond et al. 2006; Bearr et al. 2006; Zhao and 
Newman 2006; Zahner et al. 2006; Hoang et al. 2007).  These studies investigated the 
effects of multiple copper pulses (2-3 pulses) on larval fathead minnows (Pimephales 
promelas) or Daphnia magna neonates over 7 to 21d with various recovery intervals (4-
288h).  All of the studies agreed that the major toxic endpoint was lethality; there were no 
major sub-lethal effects on growth or reproduction reported as long as the organisms did 
not die.  In general, if the organism survived the episodic exposure regime, they were 
able to recover, grow, and reproduce (D. magna) normally over 7-21d.  All authors 
concluded that growth and reproduction were not significantly affected because recovery 
time was sufficient to allow the organisms to depurate the chemical and compensate or 
reverse any toxicant damage.  
 Copper is a well-documented ionoregulatory inhibitor in freshwater fish causing a 
net loss of sodium from the individual; and if the exposure exceeds the critical threshold 
for the organism it will ultimately result in mortality (Lauren and McDonald 1985; 
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Lauren and McDonald 1986; Lauren and McDonald 1987a; Lauren and McDonald 
1987b; Grippo et al. 1991; McGeer et al. 2000; Grosell et al. 2002).  Zahner et al. (2006) 
reported that larval fathead minnows (P. promelas) were able to regain sodium 
homeostasis during recovery periods following acute pulsed exposures to copper.  Since 
all physiological activities require energy, energetically expensive recovery may 
indirectly result in survival, growth, and reproductive effects if sublethal exposures occur 
often over an individuals life-span (Widdows and Donkin 1991; Beyers et al. 1999; 
Diamond et al. 2006).  Allocation of energy to compensate for ion loss and depurate 
accumulated copper may result in decreased growth and reproduction, and translate into 
reduced individual fitness and population effects. There are no published studies on the 
response of fish to multiple episodic exposures throughout their entire life-cycle from 
larval through adult stages.  Therefore, the goal of this research was to characterize the 
sub-lethal responses of P. promelas to episodic copper exposures occurring throughout its 
life-span.  
 
MATERIALS AND METHODS 
 
Experimental Organism 
 
 The experimental protocol followed the Life-cycle Reproductive Toxicity Test in 
Standard Methods (APHA; 8921C.4, pp 8-163).  Briefly, the bioassay was initiated with 
96h old larval P. promelas (F0 generation), followed them though sexual maturation, 
quantified reproduction, and determined effects on the F1 generation for 30-d following 
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hatching.  P. promelas was chosen because of its wide distribution in freshwater 
environments, common use in toxicity testing, and ease in laboratory care and 
maintenance (AHPA; 8921A pp. 8-157).  For this study, approximately nine-thousand 
<24h old larval fathead minnows were obtained from a commercial culturing facility 
(Aquatic Biosystems, Fort Collins, CO) and randomly placed in nine 10-gal glass aquaria 
(1,000 fish/tank) in a flow-through system using dechlorinated tap water (hardness ~ 10 
mg/l CaCO3 and alkalinity ~ 6 mg/l CaCO3).  The hardness and alkalinity were raised 
(mean + SD = 86.17 + 7.61 and 29.61 + 3.24 mg/L CaCO3, respectively) using crushed 
coral and a metered concentrated hardness mixture (2667 mg/l CaCO3, as CaCl2 and 
MgSO4; Fisher Scientific, Pittsburg, PA, USA).  The flow rate was regulated at 0.0625 
gal/min for each tank for a total of nine turnovers per day, which is in accordance with 
the 6-10 turnovers per day required by the method.  All tanks were continuously aerated 
and the testing facility was placed on a 16h light:18h dark photoperiod.  Organisms were 
allowed to acclimate to water conditions for 4d before initiation of the experiment at 96h 
old.  The experiment was initiated with a large amount of fish because of the expected 
mortality (~25-30% expected) and the physiological sampling required.  
 
Experimental Design 
 
 The fathead minnows were exposed for 24h to either 0 or 50 µg/L Cu2+ as CuSO4 
(Sigma, St. Louis, MO, USA) every 4th or 9th day over 191d, resulting in a total of 38 or 
19 pulses, respectively.  The exposure days were chosen based on previous experiments 
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in our laboratory that demonstrated physiological recovery after 96h (~4d) in control 
water (unpublished data).  There were three replicates per treatment.  Exposures were 
initiated by turning off flows and spiking the water, thus all exposures occurred in static 
conditions for 24h.  At exposure termination flows were turned back on and copper was 
allowed to dilute out over time; control environments (< 5µg/L Cu2+) were obtained 
within 24h.    
 Fish were fed two times daily to satiation with artemia for the first 30-d and dry 
flake food (TetraMin®, Blacksburg, VA, USA) thereafter; fish were not fed during 
copper exposures.  Fish numbers were balanced among replicate tanks at 60d (2 months) 
and reduced to three males to fifteen females to meet a reproductive ratio of 1:5 at 115d 
(~4 months).  Fish were given inverted halves of Schedule 40 PVC pipe (7.5cm ID x 
7.5cm length) to deposit eggs.  Pipe with eggs were removed daily to avoid predation or 
fungal growth.  Viability of the F1 generation over a 30d period was assessed using four 
brood stocks, hatched on different days, from each treatment.  The study was terminated 
at 191d.  
 
Measured Endpoints  
 
 Mortality.  Mortality was recorded daily for each tank.  For the first month of the 
experiment, larval deaths were determined by siphoning dead organisms from the tanks at 
least three times per day.  Dead organisms were counted and disposed and live organisms 
were returned to the appropriate tanks. 
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 Growth.  Fathead minnow dry weights were collected every 4th or 9th day until 
organisms reached sexual maturity (115d).  At exposure initiation and termination three 
replicates of three to ten organisms, depending on size, were removed from control and 
treatments and collected on a cotton filter paper (Whatman No. 1; Whatman, Clifton, NJ, 
USA) via vacuum filtration.  Thus, each data point (mean; n=3) represents 9-30 fish.  The 
isolated organisms on the filter were rinsed with approximately 50 ml of deionized Milli-
Q® water (Millipore, Bedford, MA, USA) to remove remaining media on the external 
surface of the organism.  Organisms were transferred on to an aluminum weigh boat and 
dried at 100OC for at least 24h.  The mass of each replicate was measured on an 
electronic microscale (0.00001g) by transferring the dried fish to a tared weigh boat 
(Mettler AT201; Mettler-Toledo, Columbus, OH, USA).  Organisms were then 
transferred to new conical polypropylene tubes for whole-body ion analysis.  Adult 
lengths, weights, and deformities were also recorded at the termination of the experiment 
(day 191). 
 Reproduction.  Reproduction was followed daily over 75d by collecting inverted 
PVC pipes with deposited eggs.  PVC pipes with eggs were photographed and eggs were 
disposed of before placing the pipes back in aquaria.  Eggs were counted and recorded for 
all treatments.  Hatch and viability studies were also conducted on four brood stocks from 
each of the three treatments for a total of four replicates per treatment.  Fifty eggs were 
removed from the PVC pipe and placed in 250mL of control water to determine hatch 
success.  Number hatched was recorded daily and eggs infected with fungus were 
removed.  Following hatching, fish viability was determined over 30d for 20 randomly 
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chosen larvae.  Larvae were placed in 250mL of control water and fed artemia twice 
daily.  Dead larvae were recorded and removed daily.  Organisms were not exposed to 
copper during the hatch and viability studies.  
Whole-body Ions.  Three replicates of three to ten organisms were collected at 
each copper exposure initiation and termination for the first 115d (~4 months) to 
determine whole-body sodium and whole-body copper analysis.  Therefore, each data 
point (mean; n=3) represents 9-30 fish.  Fish digestion procedure followed that of Zahner 
et al. (2006).  Following digestions, whole-body sodium samples (~25% HNO3) were 
diluted 1:5 in order to obtain ~5% HNO3 solution for analysis via inductively coupled-
plasma emission spectroscopy (Thermo Jerrel Ash 61E; Thermo Electron, Waltham, MA, 
USA).  The remaining samples were analyzed for whole-body copper using flame atomic 
absorption spectroscopy (Perkin-Elmer AA800; Perkin-Elmer, Shelton, CT, USA).  
Whole-body sodium and whole-body copper were quantified for the same samples. 
 
Water Chemistry Analysis 
  
 Water quality parameters in the tanks were monitored every other day (mean + 
SD:  D.O.=7.95 + 0.31 mg/L, pH=7.59 + 0.17 units, NO2=0.146 + 0.17 mg/L, NH3-
=0.153 + 0.16 mg/L, and temperature= 22.83 + 1.29 oC).  Alkalinity and hardness of the 
solutions were measured daily using colorimetric titration with 0.02 N H2SO4 and 0.01 M 
ethylenediaminetetraacetic acid (EDTA), respectively.  Dissolved oxygen (DO) and pH 
were measured using a dissolved oxygen meter (YSI 85; Yellow Springs Instruments, 
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Yellow Springs, OH, USA) and an Orion-Ross (Orion Research, Beverly, MD, USA) 
combination pH electrode, connected to a multi-channel pH/mV meter (Orion 525A), 
respectively.  Dissolved Cu2+ samples were taken at 1h following exposure initiation and 
at exposure termination.  Samples were acidified (1 drop of concentrated HNO3/ 10 ml of 
sample) after being filtered through a 0.45 µm Gelman nylon filter (Pall, East Hills, NY, 
USA) and were stored in 15-ml polyethylene vials.  Dissolved Cu2+ concentrations were 
measured by flame-atomic absorption spectroscopy (Perkin-Elmer AA800).  
 
Data Treatment 
 
Statistical differences among treatments were determined using analysis of 
variance (ANOVA) and the Tukey-Kramer least significant difference (LSD) test 
(p<0.05) for adult length, weight, and reproduction.  Fish growth and whole-body ion 
concentrations of copper treated fish were compared to the control values at that time 
point using ANOVA.  Linear regression was used to analyze growth rates.  All statistical 
analysis was conducted using Statistical Analysis Software (SAS®) version 9.1 (SAS, 
Cary, NC, USA). 
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RESULTS 
 
Copper Analysis 
 
 Copper concentrations consistently decreased during the 24h exposure periods in 
both copper treatments (p<0.0001) (Table 4.1).  Approximately 23.4% and 32.6% of the 
mean copper concentration was lost during the exposure period for the 4 and 9d recovery 
treatments, respectively.  Binding of copper to organic sources in the tanks most likely 
explains the loss of copper during the exposures.  Recovery environments (<5 µg/L Cu2+) 
were obtained within 24h following exposure termination. 
 
Mortality 
 
 Most mortality occurred within the first three exposures (day 1-15) for the 4d 
recovery treatment and following the first exposure for the 9d recovery treatment (Figure 
4.1A).  Little mortality occurred after day 15 of the study.  Overall cumulative mortality 
was 62% for the 4d recovery treatment and 47% for the 9d recovery treatment.  The 
controls were within the acceptable mortality limits for standard methods with a 
cumulative mortality of only 11% over the entire duration of the study.  A mass balance 
of organisms at day 60 estimated ~10% of organism mortality was unaccounted for; 
likely due to limited visibility and rapid decomposition of larval organisms in the early 
stages of the study. 
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 The first copper exposure caused the greatest mortality for both the 4 and 9d 
recovery treatments, ~33% and 38% mortality, respectively.  Following exposure 2, the 
mortality increased 17% for the 4d recovery treatment and only 3% for the 9d recovery 
treatment.  Mortality increased by 10% after exposure 3 for the 4d recovery treatment no 
mortality was observed for the 9d recovery.  Little mortality occurred in either treatment 
after the third exposure.  In both treatments most mortality occurred up to 72h post-
exposure termination (Figure 4.1B).  The maximum mortality occurred at 24h post 
exposure termination for all treatments.   
 
Growth 
 
 Growth was measured continually every 4 or 9d until organisms reached sexual 
maturity at 116d.  No significant effects on growth were found during the larval stages 
(day 1-60); however, significant effects (p<0.05) were observed during the juvenile (day 
60-115) and adult stages (day 116-191) (Figure 4.2).  Even though the growth of the 
treated organisms was not significantly different on every sampling period during 70-
116d, trends indicated that the copper exposed organisms had reduced growth compared 
to control organisms.  The 4 and 9d recovery treatments had similar overall growth rates 
at 3.512 and 3.224 mg fish-1 day-1, but while lower they were not significantly different 
from the control growth rate of 4.849 mg fish-1 day-1 (p=0.1091).  The weights of the 
control fish were variable, ranging from 6-94 mg fish-1.  The observed variability may be 
due to individual differences in growth and competition for food among the fish within 
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the tanks.  Tanks were thinned every 60d to limit the effects of space on growth, 
however, competition for food among the fish could not be controlled. 
 Copper exposures also affected fish length and weight at the end of the study.  
Males had a significantly reduced length and weight for both treatments compared to 
controls (p=0.0009 and 0.0037, respectively) (Figure 4.3).  Length of males were reduced 
by ~7 and 10%, while weights were reduced by ~24 and 27% compared to control males 
for the 4 and 9d recovery treatments, respectively.  Visual observations of the copper 
treated males also noted reduced secondary sexual characteristics compared to control 
males.  Overall, copper treated males were smaller, had less defined coloring, no fatty 
patch on the head, and no vertical stripes on the sides of the body.  While these 
differences were qualitatively observed they were not quantified.  Females had a 
significantly reduced length (p=0.0128) of ~6% for both treatments; however, there were 
no significant effects on female weight (p=0.1453) (Figure 4.3).   
 
Reproduction  
 
 Mean egg production per femaile was reduced in both copper treatments (826 and 
642 eggs per female; 4 and 9d recovery treatments, respectively) compared to the control 
(975 eggs per female), but there was no overall statistical difference (p=0.1647) (Figure 
4.4).  The mean egg production per female was reduced by ~15 and 34% compared to the 
controls, for the 4 and 9d recovery treatments, respectively. In addtion, total mean egg 
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production was reduced by 25 and 36% compared to the controls, for the 4 and 9d 
recovery treatments, respectively. 
 Fifty eggs from four different cohorts (total of 200 eggs) were collected and 
maintained until they hatched for all exposures.  There was no significant difference 
found between hatch success of the controls and treated organisms.  Hatch success ranged 
from 86-88% in all treatments.  Twenty individuals were randomly selected from each 
cohort and F1 generation viability was recorded over 30 days.  No mortalities or 
developmental deformities were observed in the F1 generation viability study.  
 
Whole-body Sodium  
 
 Whole-body ion concentrations were measured at exposure initiation and 
termination until the fish reached sexual maturity at 116d.  When organisms were 
exposed to copper the whole-body sodium concentration decreased over 24h and when 
the copper exposure was terminated the whole-body sodium concentration increased to 
control levels within 96h (or 4d).  This trend was illustrated consistently throughout this 
study (Figure 4.5).  
 The amount of sodium lost from the fish following each exposure diminished over 
the duration of the study (Figure 4.5).  The 4d recovery treatment ranged from a 3-27% 
sodium loss with a mean + SD of 14.7 + 6.8% for all exposures; however, the whole-
body sodium loss was only statistically significant at five time points (days 1, 6, 36, 41, 
and 66).  Maximum whole-body sodium loss occurred within the first three exposures, 
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averaging a 23% loss, which coincided with the greatest mortality (Figure 4.1).  Whole-
body sodium loss only exceeded 20% three times thereafter (days 51, 61, and 86).  
 The 9d recovery treatment ranged from 2-42% sodium loss with a mean + SD of 
12.4 + 14.9%; however, the whole-body sodium loss was only significantly different at 
three time points (days 1, 11, and 41).  Maximum whole-body sodium loss occurred 
during the first exposure, a 42% loss, which also coincided with the greatest mortality 
(Figure 4.1).  Whole-body sodium only exceeded a 30% loss one time thereafter (day 60), 
and no mortality was observed.   There was also no whole-body sodium loss measured 
during one exposure (day 90).  In addition, the whole-body sodium of the 9d recovery 
treatment did not fluctuate greatly during the days that only the 4d recovery treatment 
was exposed.   
 Organisms demonstrated an ability to recover whole-body sodium concentrations 
following exposure termination (Figure 4.5).  All treatments were able to compensate for 
sodium loss and recover to control concentrations (p<0.05) within 4d post exposure 
termination; no decrease in sodium or recovery was measured for exposures during days 
100-115.   
 
Whole-body Copper 
 
 Trends for the whole-body copper concentrations were opposite to whole-body 
sodium trends (Figure 4.6 & 4.7).  When exposed to copper the whole-body copper 
concentration increased over 24h and when the copper exposure was terminated the 
 149 
whole-body copper concentration decreased within 96h (or 4d) to control levels (Figure 
4.6).   
 Whole-body copper concentrations in the initial exposures (day 0 & 5) were 
inconsistent with the other exposures due to the small amount of fish mass available for 
analysis; therefore, these time points were removed from the data analysis.  Whole-body 
copper concentrations increased when exposed to copper for exposures after day 10.  The 
whole-body copper accumulation was diminished after day 70 and 100 for the 4 and 9d 
recovery treatments, respectively.  Whole-body copper accumulation ranged from 3-93% 
and 10-83% with a mean + SD of 41.4 + 35% and 51.2 + 36.1% for the 4 and 9d 
treatments, respectively.  There was no copper uptake measured on during day 55 and 75 
for the 4d treatment and day 20 for the 9d treatment.   Copper accumulation was found to 
be statistically significant at eight time points (days 26, 31, 41, 61, 66, 71, 76, and 86) for 
the 4d treatment and at four time points (day 31, 61, 71, and 81) for the 9d treatment 
(Figure 4.6).   
 Whole-body copper concentrations decreased when the copper exposure was 
terminated.  All treatments were able to depurate the copper and return to control 
concentrations (p>0.05) within 4d post exposure termination (Figure 4.6).   
 Whole-body sodium concentration declined quickly between days 90-116 for both 
the controls and copper treated organisms, and was not tied to copper exposure.  This 
decline was probably due to the procedure chosen for the whole-body ion sample 
preparation.  Grippo and Dunson (1991) demonstrated that as the mass of the organism 
increased, the recovery of whole-body sodium decreased when digestion methods are 
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completed with dried organisms.  Therefore, as the size of the dried organism increased 
the ability to accurately measure whole-body sodium decreased.  
 
Whole-body Sodium Versus Whole-body Copper 
 
 The whole-body copper concentrations were inversely related to the whole-body 
sodium concentrations for all treatments and exposures from day 20-51, except day 20 for 
the 9d recovery treatment (Figure 4.7).  When the fish were exposed to copper the whole-
body sodium concentration decreased and the whole-body copper concentration 
increased.  When the copper exposure was removed whole-body sodium concentration 
increased and the fish depurated copper. 
 
DISCUSSION 
 
 The exposure regimes in this study were designed as conservative representations 
of common episodic exposure scenarios attributed to wastewater effluents containing 
copper (Diamond et al. 2006).  One-half of the 24h LC50 (96h larval fathead minnow; 
hardness ~ 80-100mg/L CaCO3 and alkalinity ~ 20mg/L CaCO3) was chosen to induce 
physiological disruption with only minor lethality.  The 24h copper exposure duration 
represented a relatively long pulse exposure from a wastewater discharge, but is brief 
compared to standard acute exposures (APHA 2005; Diamond et al. 2006).  Recovery 
intervals were determined from previous work completed in our laboratory demonstrating 
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physiological recovery 96h following episodic copper exposures (Zahner et al. 2006; 
Hoang et al. 2007).  
 For episodic exposures, the recovery interval significantly affected the response 
of an organism to subsequent pulses (Diamond et al. 2006; Hoang et al. 2007).  If given 
an adequate recovery time between pulses, organisms may depurate the toxicant, 
compensate for effects, repair damage, and ultimately reestablish homeostasis (Hoang et 
al. 2007).  Therefore, if the organism is given enough time to completely recover from a 
previous pulse exposure, than the response to a subsequent pulse should be independent 
of the first.  However, recovery from a toxicant stress may be energetically expensive 
(Collvin 1985; Calow 1991; Marr et al. 1996; Beyers et al. 1999; McGeer et al. 2000; 
Knops et al. 2001).  Since all physiological activities require energy, the compensatory 
response of the organism may translate into effects on survival, growth, and reproduction.  
An organism’s energy reserves can be further depleted when exposed to multiple 
stressors over a lifetime, thereby reducing its ability to maintain homeostasis when 
exposed to subsequent stressors and possibly affecting the fitness of both the individual 
and population (Beyers et al. 1999).  
 Our results demonstrate the physiological effect of copper exposure, as well as 
recovery from that exposure by a freshwater fish.  Approximately half of the fathead 
minnows exposed to multiple pulses of copper over their life-span consistently 
demonstrated an ability to reverse physiological disruption.  These organisms were able 
to compensate for sodium loss and to depurate copper to regain homeostasis.  Further, 
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these organisms were able to regain homeostatic control within the recovery intervals 
chosen.   
 In order to recover to pre-exposure conditions, organisms must increase 
physiological mechanisms to compensate for ion losses and to depurate accumulated 
copper.  Chronic continuous exposure to metals has been known to induce ion recovery 
mechanisms (McDonald and Wood 1993), thus these mechanisms may also be used 
during recovery periods in uncontaminated water.  Copper directly attacks the two 
enzymes utilized in sodium regulation along the gill membranes, Na+/K+-ATPase and 
carbonic anhydrase (Grosell et al. 2002).  These are the enzymes likely involved in 
recovery of ion balance following copper exposures. Several researchers have 
demonstrated the inhibitory effect of copper and silver on Na+/K+-ATPase activity in 
freshwater fish, coupled with an associated loss of whole-body sodium (Lauren and 
McDonald 1987a; Bianchini et al. 2002; Morgan and Wood 2004; Morgan et al. 2004).  
Likewise, several studies have demonstrated the ability of aquatic organisms to acclimate 
during metal exposure by compensating for the inhibition by increasing the number of 
available Na+/K+-ATPase units on the gill membrane (Lauren and McDonald 1987b; 
McGeer et al. 2000).  These studies also demonstrated the subsequent increase in Na+/K+-
ATPase activity following the removal of the copper exposure, as well as an increase in 
sodium uptake.  Researchers suggested that gill enzymes, such as Na+/K+-ATPase, assist 
in compensation for sodium loss, both during acclimation and post exposure.   
 The excretion of copper is likely aided by metallothionein (MT), which is known 
to be involved in controlling free essential metal concentrations by binding, storing, 
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transporting, and sequestering heavy metals such as copper (Roesijadi 1996).  Several 
studies have demonstrated the ability of MT to bind excessive copper and remove the 
metal from the toxic site to be excreted or stored (Cattani et al. 1996; Olsvik et al. 2000; 
Suzuki et al. 2002).  Protein synthesis required for the mechanisms involved in the repair 
process, such as Na+/K+-ATPase and MT, is energetically costly (Calow 1991).  Calow 
(1991) suggested it was doubtful that the induction of protective mechanisms would have 
an appreciable effect on the overall energy budget of an organism, but cumulative energy 
losses from multiple exposures may influence individual and population fitness. 
  An organism in a contaminant free environment will allocate energy to basic 
maintenance, growth, and reproduction.  If a contaminant is introduced then the organism 
will have to allocate energy to detoxification and repair.  Basic maintenance requirements 
must be met in order to survive; thus, energy will be reallocated from growth and 
reproduction (Beyers et al. 1999).  If there is no associated increase in energy intake (eg. 
food) to compensate for the additional cost of recovery, then toxicant effects will be 
indirectly reflected in growth and reproduction. Researchers have shown that metal stress 
in fish requires an increased energy demand to cope with the disturbance (ie. copper 
binding to the gill Na+/K+-ATPase) and to compensate for hydromineral imbalance (ie. 
upregulating compensatory mechanisms) (Waiwood and Beamish 1978; Soengas et al. 
1996; Pistole et al. 2008).  Pistole et al. (2008) calculated a 30-60% decrease in the 
metabolic rate of adult fathead minnows exposed continuously to between 90 and 150 
µg/L Cu for 24h.  McGeer et al. (2000) also found an increased metabolic requirement by 
rainbow trout continuously exposed to copper.  However, the metabolic costs to recover 
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and maintain homeostasis from multiple exposures throughout an organisms life-span can 
exceed a critical threshold, and result in effects on growth, reproduction, and survival 
(Beyers et al. 1999; Cerqueira and Fernandes 2002).  
 Decreased growth and reproduction seen in the present study were likely due to 
the energetic costs of physiological compensation and metal depuration associated with 
post-exposure recovery.  No significant effects on growth occurred during the larval 
stages of this study.  These results agree with similar pulsed copper exposure studies with 
larval fathead minnows completed in our laboratory and by other researchers 
(unpublished data; Diamond et al. 2005; Diamond et al. 2006; Bearr et al. 2006).  
However, significant effects on growth and weight were observed during the juvenile and 
adult stages.  Seim et al. (1984) found a similar reduction in growth (~30% inhibition) in 
steelhead trout (Salmo gairdneri) exposed to several copper pulses from 6d post-
fertilization through 5 weeks post-swim-up.  Intermittent and continuous copper exposure 
also reduced the growth and size of D. magna (Ingersoll and Winner 1982; Knops et al. 
2001).  In addition, researchers have shown that chronic copper exposure affected growth 
in larval and juvenile fish (Lett et al. 1976; Buckley et al. 1982; Woltering 1984; Collvin 
1985; Marr et al. 1996; De Boeck et al. 1997).   
 Reduction in growth may be due to a reduced food intake or an increased 
metabolic cost for detoxification (Lett et al. 1976; Buckley et al. 1982; De Boeck et al. 
1997; McGeer et al. 2000; Pistole et al. 2008).  However, research on the exact cause of 
the growth reduction is inconsistent.  De Boeck et al. (1997) investigated the effects of 
continuous copper exposure on the food consumption, growth, and metabolic demands of 
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common carp (Cyprinus carpio).  Both the food consumption and growth were reduced in 
copper treated fish compared to controls.  Even copper exposures with normal food 
consumption resulted in reduced growth.  The authors suggested that the fish exposed to 
copper were spending more energy to maintain normal metabolism at a cost of energy for 
growth.  In contrast, McGeer et al. (2000) found an increase in appetite of rainbow trout 
(Oncorhynchus mykiss) continuously exposed to waterborne copper; the increased food 
consumption was required to maintain the pre-exposure growth rate.  Both these studies 
and others agreed that fish exposed to copper use energy reserves due to an increased 
metabolic demand required for damage repair and metal depuration (Calow 1991; Pistole 
et al. 2008). 
 Growth rate is important in determining the overall fitness of an individual and 
also influences whether an organism will live to reproduce (Brafield and Llewellyn 
1982).  However, researchers have determined that growth rate alone is not a reliable 
indicator of reproductive success (McCahon and Pascoe 1990; Handy 1994).  Many 
researchers have concluded that reproduction is a more sensitive indicator of toxicant 
stress than growth (Mount 1968; Mount and Stephan 1969; Brungs et al. 1976; Pickering 
et al. 1977).  But few researchers invest the time and expense required to investigate the 
reproductive effects of contaminants, even though it may result in serious implications 
for the long-term viability of a population.   
 Results from the present study demonstrate decreased reproduction in copper 
treated organisms.  Mean egg production per female was reduced by 15 and 34% in both 
the 4 and 9d recovery treatments, respectively.  These results agree with several studies 
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that found a reduction in egg production in fathead minnows exposed continuously to 
copper at 32-37µg/L Cu (Mount 1968; Pickering et al. 1977).   Several other studies also 
reported reduced reproduction in fish continuously exposed to copper (Mount and 
Stephan 1969; McKim and Benoit 1971; Brungs et al. 1976).  Intermittent exposures to 
copper have been documented to reduce reproduction in D. magna (Ingersoll and Winner 
1982), but no published studies were found that assessed the effects of intermittent 
exposures on fish reproduction.  The decreased reproduction in the copper treated fish in 
the present study is likely due to both females and males.  The energetic costs of recovery 
may have decreased the available energy for females to produce eggs.  If the females 
were placing more energy into recovery, then there was less energy available for egg 
production.  The energetic costs of recovery may have also affected the growth and 
development of secondary sex characteristics in males.  Male P. promelas use secondary 
sex characteristics to entice females to reproduce, however, the copper treated males had 
a reduced size and appearance compared to control males, potentially affecting the 
females desire to reproduce.  Thus, reproduction was likely affect by energetic costs of 
recovery in both the males and females. 
 The mean egg production per female of the 4 and 9d recovery treatments were not 
statistically different from the controls because of the large variance associated with the 
mean (SD = + 139 and 262, respectively).  The variances were normally distributed 
around the means, but each copper treatment had one replicate that reproduced at levels 
similar to the controls.  Regardless of the lack of statistical significance there may be 
ecological significance in the reduced production, both growth and egg production, 
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compared to controls.  Waller et al. (1971) simulated the effects of various reductions in 
egg production on the population size of fathead minnows over generations.  A 50% 
reduction in the number of eggs produced did not result in population level effects; an 
80% reduction was required to cause population extinction.  The maximum reduction in 
total number of eggs produced in this study was only 36%, thus based on the Waller et al. 
(1971) estimate our results would not translate to population extinction.  However, in the 
present study fish did not experience the stressors found in a natural environment, such as 
predation, lack of food, etc; thus, the decrease in reproduction experienced in this study 
may have resulted in greater effects in a natural population.  The exposure regime of this 
study was also intentionally designed to be conservative and still resulted in reduced 
growth and reproduction.  Any excursion from this regime will increase the probability of 
population fitness effects. 
 The toxicity of a contaminant is largely determined by its concentration at the site 
of action.  When the toxicant accumulation at the site of action exceeds the organisms’ 
tolerance (critical threshold), they will not be able to reverse the damage and will likely 
die (Naddy and Klaine 2001; Reinert et al. 2002; Hoang and Klaine 2008).  Mortality can 
also occur due to physiological exhaustion associated with increased energy costs.  Either 
way, organism survival is at risk when toxicant accumulation exceeds a critical threshold 
and organisms have an energy deficit due to costly recovery mechanisms.  This can occur 
due to the cumulative effects of multiple episodic exposures, not just continuous 
exposures.   
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 Mortality occurred at the larval stages only and no significant mortality was 
observed after day 15.  Survival at the juvenile and adult stages suggests that the critical 
threshold of these organisms was not met and they were able to acquire enough energy 
for recovery.  Several factors may have affected older organism survival, including: 1) 
age-specific concentration effects (juveniles and adults in general are more tolerant); 2) a 
tolerantly skewed distribution (only the stronger fish capable of handling the exposure 
survived); or 3) acclimation (the fish became tolerant of the exposure conditions).  Based 
on these factors, the individuals present during the juvenile and adult exposures are better 
capable of surviving continued pulsed exposures. 
 Traditional LC50 methods would have missed crucial information on post-
exposure mortality.  Consequently, toxicity would have been underestimated, which if 
significant enough may translate into local population extinction (Zhao and Newman 
2004; Zhao and Newman 2006).  Delayed mortality was observed in the larval stages and 
occurred for 48 to 72h post-exposure termination, with maximum mortality occurring at 
24h post-exposure termination.  Traditional whole-effluent toxicity (WET) test methods 
would have only estimated ~1-5% mortality for the first three exposure scenarios because 
the method ends observations at the termination of the exposure (APHA 2005).  WET 
methods would have failed to observe a significant amount of mortality, ~10-35% per 
exposure.  Latent mortality has been observed in intermittent exposure studies for both 
organic and inorganic contaminants and with a variety of species (Pascoe and Shazili 
1986; Parsons and Surgeoner 1991; Holdway et al. 1994; Brent and Herricks 1998; 
Diamond et al. 2005, Hoang and Klaine 2008).  For example, Zhao and Newman (2004, 
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2006) observed an increase of 15-35% in the mortality of amphipods (Hyalella azteca) 
following exposure to copper for 20-61-h.  Conversely, several researchers found no 
latent mortality in fathead minnows or D. magna exposed intermittently to copper 
(Diamond et al. 2005; Diamond et al. 2006; Bearr et al. 2006; Hoang et al. 2007).   
 Delayed mortality may be explained by the copper dilution rate within the tanks.  
Fish remained exposed to copper, albeit at reduced concentrations, for up to 24h post-
exposure.  Thus, organisms were potentially exposed to copper for up to 48h, although 
the copper concentrations were reduced by 50% within 6h.  Diamond et al. (2005) 
defined latent effects as delayed responses occurring >24h after the completion of the 
contaminant exposure.  Since the fish were exposed for greater than 24h than by this 
definition delayed mortality only occurred following the first exposure.  Nevertheless, 
these results illustrate the importance of post-exposure observations in ensuring the 
accuracy of toxicity estimates. 
 The philosophy of the US EPA is to protect populations, not necessarily 
individuals.  However, this research has identified and quantified potential population 
level effects that would have been missed by traditional toxicity test methods, including 
latent mortality, organism recovery, reduction in juvenile and adult growth, as well as 
decreased reproduction.  In order to accurately predict population fitness effects, current 
methods used to develop and assess water-quality criteria for copper need to incorporate 
post-exposure observations, multiple pulse exposures, and toxicity in juvenile and adult 
fish.   
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CONCLUSIONS 
 
 The exposure regimes chosen in this study would probably not result in 
significant population level effects due to the adequate recovery period between 
exposures; however, any excursion (i.e. increased concentration, longer duration, or 
shorter recovery times) from these regimes will increase the probability of significant 
effects on population survival.  Fathead minnows consistently demonstrated the 
capability of compensating for ion imbalance and depurating copper associated with 
multiple episodic copper exposures.  However, energetic costs associated with recovery 
of homeostasis resulted in reduced growth and reproduction.  Traditional WET (LC50) 
test methods would have missed the crucial sub-lethal effects demonstrated in this study.  
Therefore, this research illustrated the importance of utilizing latent responses, growth, 
and reproduction measurements in water-quality criteria development. 
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Table 4.1.  Mean + SD copper concentrations (µg/l Cu2+) during exposure and recovery 
periods. a     
 Control 4d Recovery 9d Recovery 
Overall 0.637 + 0.958 34.86 + 9.66 34.29 + 10.93 
Exposure Initiation  39.42 + 8.35 40.97 + 8.27 
Exposure Termination  30.18 + 8.69 27.61 + 9.10 
Recovery Period  3.49 + 1.60 0.973 + 1.34 
a Mean copper concentrations were significantly different (p<0.0001) between the 
exposure initiation and termination for both the 4 and 9d recovery treatments.   
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Figure 4.1.  A.  Cumulative percent mortality, for the first three exposure periods (15d), 
of P. promelas episodically exposed to 50 µg/L Cu every 4 or 9d over their life-span.  B.  
Percent mortality normalized to the number of living fish at the start of each day for the 
first three exposure periods (15d). 
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Figure 4.2.  Mean growth, from day 70-116, of P. promelas episodically exposed to 50 
µg/L Cu every 4 or 9d over their life-span.  Significant differences were found between 
copper treated fish and controls between days 70-86 and days 96-111 (p<0.05).  Linear 
regressions were used to calculate growth rates for each treatment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Control: 
y=4.849x-321.64 
r2=0.8111 
4d Recovery: 
y=3.521x-249.11 
r2=0.6214 
9d Recovery: 
y=3.224-234.37 
r2=0.6992 
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Figure 4.3.  Mean length (cm/fish) and weights (g/fish) (+ SD; n=3) of adult male and 
female P. promelas at the experiment termination (day 191) after episodic copper 
exposures ever 4 or 9d.  Capital letters represent significant differences between adult 
males in each treatment (p=0.0009 and 0.0037; mean lengths and weights, respectively).  
Lower case letters represent significant differences between adult females in each 
treatment (p=0.0128 and 0.1453; mean lengths and weights, respectively). 
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Figure 4.4.  Mean egg production per female (+ SD; n=3) P. promelas episodically 
exposed to 50 µg/L Cu every 4 or 9d over their life-span.  No statistical differences were 
found between all three treatments (p=0.1647). 
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Figure 4.5.  Response of whole-body sodium (µmol Na/g dry wt) in P. promelas before 
and after episodic copper exposures every 4 or 9 days.  Darkened symbols represent 
exposure initiation.  Asterisks denote whole-body sodium concentrations that are 
significantly decreased (p<0.05) compared to control values at that specific time point. 
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Figure 4.6.  Response of whole-body copper (µg Cu/g dry wt) of P. promelas before and 
after episodic copper exposures every 4 or 9 days.  Darkened symbols represent exposure 
initiation.  Crosses denote whole-body copper concentrations that are significantly 
increased (p<0.05) compared to control values at that specific time point. 
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Figure 4.7.  Response of whole-body sodium and whole-body copper concentrations of P. 
promelas before and after episodic copper exposures every 4 or 9days between days 20-
51.  Darkened symbols represent exposure initiation.  Asterisks denote whole-body 
sodium concentrations that are significantly decreased (p<0.05) compared to control 
values at that specific time point.  Crosses denote whole-body copper concentrations that 
are significantly increased (p<0.05) compared to control values at that specific time point. 
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CONCLUSIONS AND IMPLICATIONS 
 
 Classical toxicology has focused on the response of an organism to a contaminant 
exposure, but little is understood about how an organism responds once the exposure 
ends.  Copper concentrations in natural aquatic systems vary spatially and temporally, 
resulting in brief pulsed exposures with periods of time in uncontaminated water.  
Recovery periods between exposures allow organisms to detoxify, repair damage, and 
regain homeostasis, as well as affect how organisms respond to subsequent exposures.  
Since current copper criteria are developed with continuous 48 and 96h LC50 data that 
does not consider latent mortality, organism recovery, brief pulse exposures, or multiple 
exposures over an organisms life-span, it may over- or underestimate the potential 
toxicity to the in-stream communities. So, the goal of this research was to characterize the 
recovery of larval Pimephales promelas to episodic copper exposures at the biochemical, 
physiological, individual, and population levels.  The conclusions of this research 
include: 
1. Pimephales promelas can recover ion homeostasis within 4d following a brief copper 
exposure even when reaching or exceeding 30% sodium loss that has been reported to 
result in mortality. 
2. The response of an organism to a second copper pulse is dependent on the recovery 
time following the first pulse.   
3. The inhibition of carbonic anhydrase by copper was responsible for the reduction in 
sodium uptake by larval P. promelas and is likely involved in the compensation of 
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sodium during the recovery.  However, neither Na/K-ATPase nor carbonic anhydrase 
explained the protective responses organisms demonstrated following a second pulse. 
4. P. promelas were able to recover when exposed episodically over their life-span by  
depurating copper and compensating for sodium loss. 
5.  The energetic costs associated with this recovery resulted in reduced growth in 
juveniles and adults, as well as decreased reproduction. 
6. Post-exposure responses, such as latent mortality and recovery, should be 
incorporated into criteria development methods. 
7. Adequate recovery intervals between coper exposures allow organisms to regain 
homeostasis and reduces the likelihood of population fitness effects. 
 The US EPA has recently adopted the Biotic Ligand Model (BLM) for use in 
water-quality criteria development for copper.  However, the BLM framework is 
calibrated using 48 and 96h LC50 data, and is not accurate when estimating the toxicity 
of brief, pulse copper exposures.  The results of this work will be used in a 
physiologically-based addition to the BLM that will extend the applicability of the 
current framework to multiple pulse copper exposures, increasing the accuracy of this 
model when working with natural exposure scenarios.  
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Appendix A 
Raw Whole-body Sodium Results 
 
Table A-1. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 50 µg/L Cu for a 3h pulse duration. 
Whole-body Sodium (µmol Na/mg dry wt) Percent of Control Whole-body Sodiuma 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 248.35 15.25 248.35 15.25 100 7.19 100.00 7.19 
3 243.72 14.89 201.22 5.44 100 7.02 89.89 2.43 
15 202.56 8.61 168.47 4.85 100 4.06 75.27 2.17 
27 216.29 9.19 170.13 7.00 100 4.33 76.03 3.13 
51 219.07 9.59 166.52 6.12 100 4.52 74.45 2.74 
99 211.45 6.76 210.60 37.43 100 3.19 94.23 16.72 
147 213.98 8.76 210.22 6.92 100 4.13 94.14 3.09 
216 219.56 5.40 225.48 14.17 100 2.54 101.10 6.33 
288 223.18 11.37 222.29 2.54 100 5.36 99.80 1.14 
360 240.90 2.96 224.74 2.63 100 1.39 101.02 1.17 
432 226.05 6.96 209.01 29.91 100 3.28 94.07 13.36 
504 213.39 17.53 222.74 0.03 100 8.26 100.38 0.01 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0037x + 
223.87). 
          
Figure A-1.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 50 µg/L Cu for 3h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p<0.05) from the control at that time 
point. 
* 
* * * 
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Table A-2. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 50 µg/L Cu for a 3h pulse duration with a 0h recovery interval.  
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodiuma 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 171.48 15.63 171.48 15.63 100 8.29 100.00 8.29 
6 183.83 8.06 166.09 5.63 100 4.27 88.36 2.99 
18 203.89 14.52 158.60 9.26 100 7.70 84.82 4.91 
30 185.13 3.53 153.06 5.87 100 1.87 82.30 3.11 
54 181.17 51.70 172.87 10.52 100 27.42 93.95 5.58 
102 196.73 7.67 178.96 12.59 100 4.07 99.41 6.68 
150 216.69 60.77 215.25 8.63 100 32.23 122.25 4.58 
216 236.12 51.52 206.06 3.82 100 27.33 120.78 2.03 
288 208.20 44.30 221.64 2.94 100 23.50 134.61 1.56 
432 212.25 68.28 216.72 17.39 100 36.21 141.87 9.23 
504 226.42 62.19 228.77 6.28 100 32.98 155.83 3.33 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0827x + 
188.46). 
 
          
 
 
Figure A-2.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 50 µg/L Cu for 3h exposure duration with a 0h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
 
 
* * * 
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Table A-3. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 50 µg/L Cu for a 3h pulse duration with a 24h recovery interval.  
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 237.48 7.65 237.48 7.65 100 3.27 100.00 3.27 
3 225.79 12.90 201.91 16.41 100 5.51 86.21 7.01 
15 227.39 2.32 175.04 17.16 100 0.99 74.79 7.33 
27 234.21 35.19 172.03 2.14 100 15.03 73.55 0.91 
30 224.86 11.87 174.68 9.57 100 5.07 74.70 4.08 
42 224.89 7.86 164.60 12.40 100 3.35 70.44 5.29 
54 246.73 12.89 172.18 22.84 100 5.50 73.73 9.75 
78 228.50 4.37 211.63 14.98 100 1.87 90.74 6.40 
126 238.34 5.92 250.81 23.14 100 2.53 107.83 9.88 
174 229.52 17.40 230.56 10.20 100 7.43 99.39 4.35 
216 243.33 6.08 255.05 7.81 100 2.59 110.21 3.33 
288 242.01 4.90 240.13 14.22 100 2.09 104.19 6.07 
360 259.69 8.08 253.02 7.53 100 3.45 110.23 3.21 
432 209.37 5.69 233.20 10.86 100 2.43 102.01 4.64 
504 211.77 48.91 236.49 9.90 100 20.88 103.88 4.22 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0126x + 
234.23). 
     
 
Figure A-3.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 50 µg/L Cu for 3h exposure duration with a 24h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
* 
* * * * 
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Table A-4. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 50 µg/L Cu for a 3h pulse duration with a 96h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body 
 Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 206.44 7.87 206.44 7.87 100 4.02 100.00 4.02 
3 199.01 9.85 179.46 18.31 100 5.03 91.85 9.36 
15 182.15 6.46 164.71 4.27 100 3.30 84.64 2.18 
27 172.77 9.59 147.63 20.16 100 4.90 76.17 10.31 
51 203.44 3.41 158.45 10.19 100 1.74 82.42 5.21 
99 196.28 11.87 203.02 10.17 100 6.07 107.35 5.20 
102 197.81 16.34 173.77 4.42 100 8.35 91.98 2.26 
114 191.06 13.96 177.90 8.12 100 7.14 94.55 4.15 
126 212.31 8.39 149.95 6.98 100 4.29 80.03 3.57 
150 211.77 9.94 195.95 9.36 100 5.08 105.47 4.78 
198 226.47 3.10 226.51 7.99 100 1.58 124.01 4.08 
246 230.32 6.50 226.17 8.04 100 3.32 125.98 4.11 
288 218.29 10.02 214.82 5.57 100 5.12 121.51 2.85 
360 231.97 3.33 230.53 1.17 100 1.70 133.96 0.60 
432 210.76 28.47 222.49 73.66 100 14.55 132.91 37.65 
504 211.43 16.16 215.92 21.65 100 8.26 132.71 11.07 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0637x + 
195.58). 
   
          
Figure A-4.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 50 µg/L Cu for 3h exposure duration with a 96h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
* * 
* 
 184 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-5. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 50 µg/L Cu for a 9h pulse duration. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body 
 Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation % Control 
Standard 
Deviation 
0 217.63 11.22 217.63 11.22 100 4.90 100.00 4.90 
9 220.54 11.85 172.70 10.63 100 5.17 75.59 4.64 
21 249.46 26.26 129.85 20.64 100 11.47 56.97 9.02 
33 254.00 61.73 108.03 31.62 100 26.96 47.52 13.81 
57 203.04 38.14 107.09 41.89 100 16.66 47.35 18.30 
105 220.91 23.74 279.38 161.30 100 10.37 124.78 70.45 
153 250.86 39.44 228.38 2.70 100 17.23 103.06 1.18 
216 248.08 1.88 236.52 36.20 100 0.82 108.21 15.81 
288 238.59 13.94 270.09 35.53 100 6.09 125.54 15.52 
360 262.67 47.67 251.37 5.21 100 20.82 118.75 2.27 
432 235.24 10.80 240.13 13.48 100 4.72 115.31 5.89 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0495x + 
228.92). 
 
   
 
Figure A-5.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 50 µg/L Cu for 9h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p <0.05) from the control at that time 
point. 
 
 
* 
* 
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Table A-6. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 50 µg/L Cu for a 9h pulse duration with a 0h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body 
 Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 240.07 14.23 240.07 14.23 0 100 6.00 100.00 
18 230.88 14.43 157.35 6.20 18 100 6.08 66.46 
30 231.23 23.55 166.95 10.56 30 100 9.93 70.57 
42 243.78 22.60 149.90 3.51 42 100 9.53 63.42 
66 254.60 23.20 242.42 24.41 66 100 9.79 102.75 
114 221.33 7.28 224.78 5.62 114 100 3.07 95.61 
162 238.64 11.36 228.43 3.58 162 100 4.79 97.51 
216 250.86 1.96 252.84 1.61 216 100 0.83 108.36 
288 238.91 2.50 250.97 2.74 288 100 1.05 108.14 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0176x + 
237.09). 
 
  
         
Figure A-6.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 50 µg/L Cu for 9h exposure duration with a 0h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
 
* * 
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Table A-7. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 50 µg/L Cu for a 9h pulse duration with a 24h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 232.21 9.83 232.21 9.83 100 4.17 100.00 4.17 
9 232.67 4.57 198.65 15.90 100 1.94 84.38 6.75 
21 246.94 4.39 195.95 4.95 100 1.86 83.31 2.10 
33 222.69 9.49 184.42 4.64 100 4.03 78.47 1.97 
42 239.55 10.54 173.27 16.95 100 4.47 73.78 7.19 
54 248.19 17.34 180.35 16.55 100 7.36 76.86 7.03 
66 223.43 22.47 168.04 6.01 100 9.54 71.68 2.55 
90 226.82 9.69 183.95 32.44 100 4.11 78.61 13.77 
138 239.98 8.15 240.42 23.02 100 3.46 103.11 9.77 
186 232.54 3.34 223.95 9.49 100 1.42 96.39 4.03 
288 228.18 6.14 221.16 2.69 100 2.61 95.92 1.14 
360 238.05 3.96 249.30 5.20 100 1.68 108.71 2.21 
432 225.65 6.52 231.63 4.72 100 2.77 101.57 2.00 
504 224.76 2.33 227.13 4.84 100 0.99 100.14 2.06 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0164 x + 
235.58). 
 
  
 
Figure A-7.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 50 µg/L Cu for 9h exposure duration with a 24h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
* * * * 
* 
* 
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Table A-8. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 50 µg/L Cu for a 9h pulse duration with a 96h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 207.77 12.60 207.77 12.60 100 6.29 100.00 6.29 
9 219.61 15.23 141.25 18.70 100 7.60 70.82 9.33 
21 203.15 6.71 128.87 11.83 100 3.35 65.00 5.90 
33 174.09 14.31 137.30 44.52 100 7.14 69.68 22.21 
57 207.22 8.83 223.01 91.70 100 4.41 71.60 0.98 
105 215.10 13.73 190.33 13.54 100 6.85 100.26 6.76 
114 220.77 13.43 162.05 14.59 100 6.70 85.77 7.28 
126 223.18 18.05 121.55 21.54 100 9.01 64.74 10.75 
138 205.38 6.16 111.57 9.65 100 3.07 59.81 4.81 
162 193.41 9.77 174.59 7.39 100 4.87 94.82 3.69 
210 215.30 10.03 233.28 16.76 100 5.01 130.08 8.36 
258 242.27 5.66 248.51 6.03 100 2.82 142.39 3.01 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0999x + 
200.34). 
 
    
   
Figure A-8.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 50 µg/L Cu for 9h exposure duration with a 96h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
* 
* 
* 
* 
* 
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Table A-9. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 50 µg/L Cu for a 12h pulse duration. 
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 237.01 6.84 237.01 6.84 100 2.91 100.00 2.91 
12 248.41 10.53 178.82 15.36 100 4.48 76.22 6.53 
24 247.65 12.79 165.31 6.92 100 5.44 70.60 2.94 
36 221.29 9.22 145.70 6.17 100 3.92 62.35 2.62 
60 226.73 4.91 168.71 11.05 100 2.09 72.49 4.70 
108 239.59 14.95 222.54 11.88 100 6.36 96.40 5.05 
156 227.68 13.19 229.29 20.19 100 5.61 100.14 8.59 
216 254.63 13.14 240.16 12.30 100 5.59 105.97 5.23 
288 247.69 7.28 251.28 3.39 100 3.10 112.27 1.44 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0388x + 
235.08). 
 
  
   
Figure A-9.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 50 µg/L Cu for 12h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p <0.05) from the control at that time 
point. 
* 
* 
* 
* 
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Table A-10. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a 
continuous exposure to 50 µg/L Cu. 
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 236.28 7.94 236.28 7.94 100 3.20 100.00 3.20 
3 259.06 7.12 214.88 13.41 100 2.87 86.67 5.79 
6 253.53 6.41 207.33 4.30 100 2.59 83.80 1.86 
9 246.81 6.26 204.96 4.77 100 2.53 83.01 2.06 
12 250.49 15.14 191.38 14.13 100 6.15 77.67 6.10 
24 262.87 9.24 191.65 9.38 100 3.78 78.43 4.05 
48 203.83 12.78 148.59 14.47 100 5.32 61.84 6.25 
96 233.85 9.89 148.14 4.99 100 4.26 63.81 2.16 
144 230.99 8.06 180.02 7.80 100 3.60 80.36 3.37 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.1702x + 
248.44). 
 
   
   
Figure A-10.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed continuously to 50 µg/L Cu.  Each exposure data point (mean + standard deviation 
(n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. promelas for copper treatment.  The 
regression line for the control organisms was calculated to determine the exposed organisms percent 
deviation from the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper 
treatment that is significantly different (p <0.05) from the control at that time point. 
* * * * 
* 
* * 
* 
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Table A-11. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 100 µg/L Cu for a 3h pulse duration. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 241.02 14.67 241.02 14.67 100 6.25 100.00 6.25 
3 241.77 11.51 196.72 5.44 100 4.91 85.10 2.32 
9 245.81 17.80 189.56 1.71 100 7.59 82.02 0.73 
15 233.05 13.59 174.37 7.71 100 5.79 75.48 3.29 
27 240.35 5.75 187.19 3.90 100 2.45 81.08 1.66 
51 233.87 2.02 200.00 16.06 100 0.86 86.75 6.85 
99 189.28 18.15 219.54 10.48 100 7.74 95.48 4.46 
147 223.22 2.57 226.92 7.73 100 1.10 98.96 3.29 
219 236.75 9.01 223.73 3.76 100 3.84 97.97 1.60 
291 236.91 9.60 242.50 4.96 100 4.09 106.63 2.11 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0292x + 
234.72). 
 
   
   
Figure A-11.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 100 µg/L Cu for 3h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p <0.05) from the control at that time 
point. 
* * 
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Table A-12. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 100 µg/L Cu for a 3h pulse duration with a 0h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 212.46 8.24 212.46 8.24 100 4.03 100.00 4.03 
6 202.21 4.73 155.97 9.05 100 2.31 75.91 4.42 
12 202.43 7.66 134.98 2.16 100 3.74 65.77 1.06 
18 195.07 6.38 135.33 8.48 100 3.12 66.03 4.14 
30 203.09 6.91 150.96 8.06 100 3.38 73.84 3.94 
54 201.16 5.06 194.98 7.49 100 2.47 95.86 3.66 
102 203.14 9.84 213.10 5.73 100 4.81 105.86 2.80 
150 200.52 6.43 211.30 9.14 100 3.14 106.07 4.46 
216 219.39 4.70 204.81 3.06 100 2.30 104.31 1.49 
288 191.46 2.37 207.04 3.81 100 1.16 107.16 1.86 
360 187.18 2.85 195.91 3.67 100 1.39 103.07 1.79 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.028 + 
204.79). 
   
  
 
Figure A-12.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 100 µg/L Cu for 3h exposure duration with a 0h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-13. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 100 µg/L Cu for a 3h pulse duration with a 96h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 186.04 2.50 186.04 2.50 100 1.22 100.00 1.22 
3 198.46 4.74 163.51 5.51 100 2.32 79.57 2.69 
27 226.11 7.30 168.62 13.46 100 3.56 81.81 6.57 
51 197.08 7.93 172.18 13.47 100 3.87 83.03 6.58 
99 205.38 9.04 220.53 6.66 100 4.42 106.31 3.25 
102 216.50 11.80 200.39 7.74 100 5.76 96.53 3.78 
108 203.72 41.42 194.98 14.85 100 20.23 93.85 7.25 
114 224.73 2.63 175.92 11.50 100 1.28 84.55 5.62 
126 214.24 5.05 166.30 18.63 100 2.47 79.69 9.10 
150 196.30 2.85 192.50 3.91 100 1.39 91.69 1.91 
198 207.50 6.19 204.36 8.27 100 3.02 96.76 4.04 
246 212.03 6.31 204.23 2.14 100 3.08 96.13 1.05 
294 225.50 6.96 210.67 8.51 100 3.40 98.29 4.16 
366 216.31 8.88 213.14 3.95 100 4.33 98.58 1.93 
438 205.36 2.33 194.55 1.85 100 1.14 95.00 0.90 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0274x + 
204.78).  
  
    
 
Figure A-13.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 100 µg/L Cu for 3h exposure duration with a 96h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
* * * * 
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calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-14. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 100 µg/L Cu for a 3h pulse duration with a 144h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 215.27 6.30 215.27 6.30 100 2.97 100.00 2.97 
3 211.71 6.13 178.30 5.94 100 2.89 84.07 2.80 
9 220.93 5.16 179.27 6.28 100 2.43 84.62 2.96 
15 200.59 3.53 164.58 6.74 100 1.66 77.77 3.18 
27 217.99 7.88 173.54 9.63 100 3.71 82.19 4.54 
51 196.87 5.92 189.42 21.67 100 2.79 90.11 10.21 
99 187.35 11.03 209.75 17.84 100 5.20 100.68 8.41 
147 202.71 2.89 208.11 12.76 100 1.36 100.80 6.01 
150 219.78 11.65 183.13 9.37 100 5.49 88.75 4.42 
156 210.38 2.53 190.18 20.18 100 1.19 92.28 9.51 
162 209.70 6.11 163.18 10.88 100 2.88 79.27 5.13 
174 222.08 4.35 154.53 8.64 100 2.05 75.24 4.07 
198 210.56 11.79 180.14 4.06 100 5.56 88.11 1.91 
246 201.08 1.77 208.74 5.56 100 0.84 103.04 2.62 
294 191.72 2.73 218.66 1.13 100 1.29 108.95 0.53 
360 194.83 5.69 205.73 10.19 100 2.68 103.84 4.80 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0391x + 
212.21). 
   
      
 
Figure A-14.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 100 µg/L Cu for 3h exposure duration with a 144h recovery 
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interval.  Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for 
controls and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms 
was calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-15. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 100 µg/L Cu for a 9h pulse duration. 
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 210.70 8.10 210.70 8.10 100 3.75 100.00 3.75 
9 211.31 4.92 155.90 4.36 100 2.28 72.32 2.02 
15 200.47 6.72 141.09 10.63 100 3.11 65.51 4.93 
21 218.23 6.52 152.60 7.21 100 3.02 70.91 3.34 
33 232.76 4.63 159.47 1.54 100 2.14 74.23 0.71 
57 213.84 16.90 173.76 7.67 100 7.83 81.16 3.55 
105 210.00 4.63 250.67 10.06 100 2.15 117.89 4.66 
153 222.91 4.39 221.20 2.11 100 2.04 104.75 0.98 
225 207.54 48.18 207.61 1.34 100 22.33 99.34 0.62 
297 204.79 7.88 214.51 13.12 100 3.65 103.73 6.08 
369 200.88 5.14 172.21 1.73 100 2.38 84.17 0.80 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0317x + 
215.83). 
 
    
   
Figure A-15.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 100 µg/L Cu for 9h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p <0.05) from the control at that time 
point. 
 
 
 
* 
* * * * 
* 
 198 
Table A-16. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 100 µg/L Cu for a 9h pulse duration with a 0h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body 
 Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 247.97 16.37 247.97 16.37 100 6.39 100.00 6.39 
18 275.73 12.71 189.46 3.60 100 4.96 74.37 1.40 
30 253.93 8.33 188.12 9.44 100 3.25 74.10 3.69 
42 251.48 7.04 179.73 4.22 100 2.75 71.04 1.65 
60 262.84 16.14 231.59 4.30 100 6.30 92.03 1.68 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0742x + 
256.16). 
   
 
    
    
Figure A-16.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 100 µg/L Cu for 9h exposure duration with a 0h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-17. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 100 µg/L Cu for a 9h pulse duration with a 24h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 253.17 8.11 253.17 8.11 100 3.25 100.00 3.25 
9 243.90 18.25 195.35 15.41 100 7.31 79.28 6.18 
15 232.16 15.94 173.63 3.48 100 6.39 71.15 1.39 
21 247.76 17.19 159.98 9.94 100 6.89 66.20 3.98 
33 226.79 5.65 169.01 19.12 100 2.27 71.34 7.66 
42 235.26 9.98 171.09 13.92 100 4.00 73.32 5.58 
48 252.65 48.88 186.63 5.69 100 19.58 80.80 2.28 
54 243.06 7.23 176.57 11.36 100 2.90 77.24 4.55 
66 201.61 4.58 179.65 2.04 100 1.84 79.41 0.82 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0-0.3938x + 
249.98). 
   
  
         
Figure A-17.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 100 µg/L Cu for 9h exposure duration with a 24h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-18. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 100 µg/L Cu for a 9h pulse duration with a 48h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body 
 Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 205.16 10.05 205.16 10.05 100 4.82 100.00 4.82 
9 204.51 4.89 168.25 10.43 100 2.34 80.62 5.00 
15 214.01 4.63 159.22 1.76 100 2.22 76.24 0.85 
21 219.87 5.79 182.53 16.05 100 2.78 87.34 7.70 
33 215.23 13.54 151.74 10.80 100 6.49 72.50 5.18 
57 189.01 5.86 142.65 1.62 100 2.81 67.95 0.78 
66 191.57 9.76 147.57 16.60 100 4.68 70.21 7.96 
72 214.67 27.98 138.77 6.39 100 13.42 65.98 3.06 
78 222.33 18.47 175.94 19.72 100 8.86 83.59 9.46 
90 224.44 5.84 176.76 8.48 100 2.80 83.86 4.07 
114 207.68 11.62 216.91 10.94 100 5.58 102.60 5.25 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0281x + 
208.44). 
 
    
         
Figure A-18.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 100 µg/L Cu for 9h exposure duration with a 48h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-19. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a 
continuous exposure to 100 µg/L Cu. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 236.28 7.94 236.28 7.94 100 3.20 100.00 3.20 
3 259.06 7.12 200.09 3.54 100 2.87 80.71 1.43 
6 253.53 6.41 204.53 7.17 100 2.59 82.66 2.89 
9 246.81 6.26 175.24 4.96 100 2.53 70.97 2.00 
12 250.49 15.14 188.64 14.01 100 6.15 76.56 5.66 
24 262.87 9.24 164.59 8.02 100 3.78 67.35 3.24 
48 203.83 12.78 152.39 12.24 100 5.32 63.42 4.95 
96 233.85 9.89 156.69 8.26 100 4.26 67.50 3.33 
144 230.99 8.06 161.08 3.42 100 3.60 71.91 1.38 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0-0.1702x + 
248.44). 
 
 
    
         
Figure A-19.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed continuously to 100 µg/L Cu.  Each exposure data point (mean + standard deviation 
(n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. promelas for copper treatment.  The 
regression line for the control organisms was calculated to determine the exposed organisms percent 
deviation from the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper 
treatment that is significantly different (p <0.05) from the control at that time point. 
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Table A-20. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 200 µg/L Cu for a 3h pulse. 
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 233.37 25.69 233.37 25.69 100 10.87 100.00 10.87 
3 236.80 17.11 184.42 8.25 100 7.24 78.05 3.49 
9 236.04 5.80 187.12 8.19 100 2.45 79.24 3.47 
15 224.21 5.09 170.26 1.94 100 2.15 72.14 0.82 
27 235.69 18.10 195.46 16.95 100 7.66 82.91 7.17 
51 256.90 13.26 163.24 7.87 100 5.61 69.40 3.33 
99 231.34 12.98 224.12 11.15 100 5.49 95.70 4.72 
147 227.56 20.79 244.54 3.25 100 8.80 104.89 1.38 
216 231.69 8.22 236.14 1.44 100 3.48 101.94 0.61 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0238x + 
236.35). 
 
 
   
           
Figure A-20.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 200 µg/L Cu for 3h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p <0.05) from the control at that time 
point. 
* * 
* * 
 203 
Table A-21. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 200 µg/L Cu for a 3h pulse duration with a 0h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body 
 Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 224.49 13.37 224.49 13.37 100 6.57 100.00 6.57 
6 212.15 7.09 153.87 33.29 100 3.48 75.87 16.35 
12 199.12 21.18 105.54 20.09 100 10.40 52.29 9.87 
18 204.91 20.87 109.64 20.22 100 10.25 54.58 9.93 
30 159.30 6.06 137.48 44.82 100 2.98 69.11 22.02 
54 189.64 19.31 147.43 10.65 100 9.49 75.57 5.23 
102 200.79 6.73 185.68 1.66 100 3.31 99.11 0.81 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.162x + 
203.77). 
 
 
     
         
 
Figure A-21.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 200 µg/L Cu for 3h exposure duration with a 0h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-22. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 200 µg/L Cu for a 3h pulse duration with a 24h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 266.25 41.09 266.25 41.09 100 16.52 100.00 16.52 
3 250.95 29.30 178.92 4.83 100 11.78 71.98 1.94 
9 253.81 46.36 186.30 8.46 100 18.64 75.06 3.40 
15 226.31 8.92 176.96 18.68 100 3.59 71.40 7.51 
27 244.36 9.44 189.39 12.01 100 3.80 76.64 4.83 
30 248.36 28.24 184.19 25.45 100 11.35 74.59 10.23 
36 244.06 10.92 178.67 9.37 100 4.39 72.46 3.77 
42 223.97 2.51 182.72 30.89 100 1.01 74.22 12.42 
54 261.85 6.67 187.45 15.18 100 2.68 76.36 6.10 
78 249.40 25.77 221.36 2.97 100 10.36 90.72 1.20 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.0619x + 
248.75). 
 
    
 
Figure A-22.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 200 µg/L Cu for 3h exposure duration with a 24h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
* * * * * 
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Table A-23. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 200 µg/L Cu for a 9h pulse duration. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 200.22 3.19 200.22 3.19 100 1.58 100.00 1.58 
9 202.03 5.23 134.01 7.91 100 2.59 65.72 3.92 
15 205.50 2.78 138.98 17.22 100 1.38 67.45 8.52 
21 215.73 10.60 165.10 35.19 100 5.24 79.30 17.41 
33 209.33 8.57 163.89 6.34 100 4.24 77.13 3.14 
57 220.55 7.35 156.89 28.05 100 3.64 70.98 13.88 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.3465x + 
201.1). 
 
 
  
             
 
Figure A-23.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 200 µg/L Cu for 9h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p <0.05) from the control at that time 
point. 
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Table A-24. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 200 µg/L Cu for a 9h pulse duration with a 0h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body 
 Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 222.85 14.40 222.85 14.40 100 6.46 100.00 6.46 
18 228.82 6.01 145.32 14.96 100 2.70 65.74 6.72 
30 215.84 11.84 124.70 8.01 100 5.31 56.70 3.60 
42 231.43 7.86 167.46 2.42 100 3.53 76.52 1.08 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.0911x + 
222.68). 
 
 
 
  
             
 
Figure A-24.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 200 µg/L Cu for 9h exposure duration with a 0h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-25. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a double 
pulse exposure to 200 µg/L Cu for a 9h pulse duration with a 24h recovery interval. 
Whole-body Sodium  (µmol Na/mg dry wt) Percent of Control Whole-body Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 245.13 30.22 245.13 30.22 100 12.53 100.00 12.53 
9 244.29 9.89 168.74 20.66 100 4.10 70.08 8.57 
15 234.31 6.46 161.41 10.12 100 2.68 66.86 4.20 
21 238.01 9.28 171.85 11.75 100 3.85 71.00 4.87 
33 258.06 4.15 205.54 20.44 100 1.72 84.49 8.48 
42 231.48 6.75 153.51 3.72 100 2.80 62.86 1.54 
48 254.76 23.05 201.94 57.82 100 9.56 82.47 23.98 
54 245.73 9.16 189.42 26.65 100 3.80 77.16 11.05 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=0.1074x + 
240.99). 
 
 
   
             
 
Figure A-25.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a double pulse of 200 µg/L Cu for 9h exposure duration with a 24h recovery interval.  
Each exposure data point (mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls 
and ~45 larval P. promelas for copper treatment.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table A-26. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a single 
pulse exposure to 200 µg/L Cu for a 12h pulse duration. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
% 
Control 
Standard 
Deviation 
0 259.45 25.29 259.45 25.29 100 9.62 100.00 9.62 
12 259.71 6.95 169.46 12.72 100 2.64 76.47 4.84 
24 262.19 4.62 174.02 15.98 100 1.76 78.92 6.08 
36 245.96 18.05 190.43 16.62 100 6.86 86.80 6.32 
60 239.79 10.74 200.57 2.29 100 4.08 92.34 0.87 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.3756x + 
263.33). 
 
 
    
             
 
Figure A-26.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed to a single pulse of 200 µg/L Cu for 12h exposure duration.  Each exposure data point 
(mean + standard deviation (n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. 
promelas for copper treatment.  The regression line for the control organisms was calculated to determine 
the exposed organisms percent deviation from the control organisms.  Arrows indicate exposure initiation.  
Asterisks indicate a copper treatment that is significantly different (p <0.05) from the control at that time 
point. 
* 
* * 
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Table A-27. 
 
Mean whole-body sodium (µmol Na/mg dry wt) and percent of control whole-body sodium for a 
continuous exposure to 200 µg/L Cu. 
Whole-body Sodium  (µmol Na/mg dry wt) 
Percent of Control Whole-body  
Sodium a 
 Control 200 µg/L Cu Control 200 µg/L Cu 
Time 
(h) [WBNa] 
Standard 
Deviation [WBNa] 
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
% 
Control  
Standard 
Deviation 
0 223.01 12.71 223.01 12.71 100 5.81 100.00 7.19 
3 219.28 5.40 181.19 18.30 100 2.48 83.24 10.35 
6 198.13 12.81 173.72 19.89 100 5.92 80.26 11.25 
9 215.44 7.34 168.19 5.10 100 3.41 78.15 2.88 
12 234.15 12.00 150.40 4.32 100 5.61 70.28 2.45 
24 199.19 14.85 139.41 10.59 100 7.10 66.68 5.99 
48 201.21 18.88 180.57 7.34 100 9.47 90.62 4.15 
a Percent of control whole-body sodium calculated using the linear trend line of the control (y=-0.4107 + 
218.90). 
 
 
  
             
 
Figure A-27.  Whole-body sodium (µmol Na/mg dry wt) response of larval fathead minnows (Pimephales 
promelas) exposed continuously to 200 µg/L Cu.  Each exposure data point (mean + standard deviation 
(n=3)) represents ~30 larval P. promelas for controls and ~45 larval P. promelas for copper treatment.  The 
regression line for the control organisms was calculated to determine the exposed organisms percent 
deviation from the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper 
treatment that is significantly different (p <0.05) from the control at that time point. 
 
 
* * 
* * 
* 
 210 
Appendix B 
Raw Na/K-ATPase Results 
 
Table B-1. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
continuous exposure to 50 µg/L Cu.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control  
Standard 
Error 
0 2.79 0.08 2.79 0.08 100 2.74 100.00 2.74 
3 2.90 0.19 2.89 0.09 100 6.51 99.23 3.21 
6 3.19 0.05 2.72 0.02 100 1.61 93.50 0.71 
9 2.46 0.03 2.63 0.10 100 0.98 90.36 3.51 
12 2.94 0.09 2.17 0.25 100 2.97 74.81 8.77 
24 2.97 0.18 2.86 0.31 100 6.29 98.80 10.72 
48 3.15 0.26 3.00 0.14 100 8.97 104.14 4.75 
96 3.72 0.17 2.69 0.06 100 5.87 94.39 2.00 
144 2.60 0.16 2.46 0.19 100 5.63 87.26 6.75 
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=0.0012x + 
2.9213). 
 
           
  
 
Figure B-1.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed continuously to 50 µg/L Cu.  Each exposure data point (mean + 
standard error (n=3)) represents ~15 larval P. promelas.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Asterisks 
indicate a copper treatment that is significantly different (p <0.05) from the control at that time point. 
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Table B-2. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
single pulse exposure of 100 µg/L Cu for a 3h duration.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control  
Standard 
Error 
0 2.54 0.04 2.54 0.04 100 1.23 77.91 1.23 
3 2.95 0.08 2.32 0.12 100 2.37 71.44 3.61 
9 2.85 0.02 2.49 0.19 100 0.53 77.07 5.78 
15 3.19 0.01 3.21 0.22 100 0.25 99.69 6.91 
27 3.75 0.20 2.07 0.22 100 6.27 65.01 6.75 
51 3.60 0.28 2.68 0.32 100 9.00 85.63 10.12 
99 4.06 0.17 3.98 0.82 100 5.72 131.93 27.07 
147 2.74 0.16 3.26 0.25 100 5.48 112.19 8.73 
216 2.40 0.23 2.88 0.11 100 8.39 105.24 3.94 
288 2.41 0.32 3.16 0.54 100 12.52 123.09 21.15 
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=-0.0024x + 
3.256). 
 
           
 
 
Figure B-2.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 100 µg/L Cu for a 3h duration.  Each exposure data point 
(mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line for the control 
organisms was calculated to determine the exposed organisms percent deviation from the control 
organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly 
different (p <0.05) from the control at that time point. 
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Table B-3. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
double pulse exposure of 100 µg/L Cu for a 3h duration with a 0h recovery interval.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h ) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 4.37 0.17 4.37 0.17 100 4.00 105.30 4.00 
6 3.88 0.16 3.54 0.03 100 3.98 85.60 0.83 
12 5.00 0.54 3.12 0.12 100 13.05 75.92 2.98 
18 4.11 0.22 4.35 0.26 100 5.45 106.37 6.32 
30 4.26 0.06 3.89 0.19 100 1.50 95.91 4.66 
54 3.95 0.13 4.19 0.05 100 3.17 105.56 1.29 
102 3.69 0.23 3.99 0.17 100 5.96 104.82 4.59 
150 2.26 0.08 3.11 0.34 100 2.21 85.20 9.35 
216 3.03 0.23 2.76 0.54 100 6.60 80.59 15.72 
288 3.28 0.08 3.21 0.18 100 2.48 101.17 5.79 
360 3.61 0.67 3.53   100 22.76 120.40   
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=-0.0034x + 
4.1546). 
 
  
 
 
Figure B-3.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 100 µg/L Cu for a 3h duration with a 0h recovery interval.  
Each exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression 
line for the control organisms was calculated to determine the exposed organisms percent deviation from 
the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time poin
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     Table B-4. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
double pulse exposure of 100 µg/L Cu for a 3h duration with a 96h recovery interval.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h ) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 2.53 0.20 2.53 0.20 100 10.55 132.56 10.55 
3 1.43 0.06 1.65 0.21 100 2.86 85.09 11.06 
9 1.66 0.11 1.61 0.03 100 5.29 80.83 1.59 
15 1.28 0.04 1.55 0.07 100 2.01 75.96 3.57 
27 1.38 0.11 1.12 0.12 100 5.11 51.89 5.46 
51 1.50 0.12 1.48 0.04 100 5.28 62.60 1.66 
99 1.38 0.23 1.55 0.18 100 8.28 55.64 6.63 
126 5.01 0.41 4.88 0.13 100 13.55 160.82 4.35 
150 5.02 0.07 4.80 0.53 100 2.29 147.86 16.19 
198 4.31 0.26 4.93 0.36 100 7.21 134.18 9.71 
246 6.74 0.83 5.79 0.48 100 20.15 141.16 11.76 
288 3.58 0.25 4.32 0.40 100 5.66 96.53 8.95 
360 3.67 0.41 3.05 0.07 100 8.04 59.63 1.34 
432 5.04 0.58 4.61 0.53 100 10.06 80.14 9.24 
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=0.0089x + 
1.9101). 
 
   
 
Figure B-4.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 100 µg/L Cu for a 3h duration with a 96h recovery interval.  
Each exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression 
line for the control organisms was calculated to determine the exposed organisms percent deviation from 
the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point.
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     Table B-5. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
double pulse exposure of 100 µg/L Cu for a 3h duration with a 144h recovery interval.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h ) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control  
Standard 
Error 
0 3.34 0.05 3.40 0.17 100 1.42 90.25 4.47 
3 3.44 0.18 3.22 0.29 100 4.81 85.67 7.60 
9 4.26 0.66 3.83 0.08 100 17.58 102.33 2.21 
15 4.38 0.64 3.48 0.21 100 17.26 93.20 5.56 
27 3.48 0.06 4.46 0.40 100 1.49 120.28 10.72 
51 3.24 0.29 2.62 0.16 100 8.03 71.41 4.42 
156 3.44 0.10 2.87 0.15 100 2.88 83.06 4.37 
162 3.21 0.13 3.62 0.13 100 3.78 105.25 3.86 
174 3.12 0.17 3.95 0.23 100 5.11 115.44 6.62 
198 1.82 0.16 2.53 0.22 100 4.73 75.20 6.68 
246 3.41 0.02 3.75 0.64 100 0.71 114.64 19.52 
294 3.14 0.09 3.07 0.96 100 2.73 96.62 30.20 
360 3.36 0.55 3.42   100 18.11 112.40   
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=-0.0021x + 
3.6353). 
 
  
 
Figure B-5.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 100 µg/L Cu for a 3h duration with a 144h recovery interval.  
Each exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression 
line for the control organisms was calculated to determine the exposed organisms percent deviation from 
the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point.
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     Table B-6. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
single pulse exposure of 100 µg/L Cu for a 9h duration.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h ) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 4.39 0.23 4.96 0.10 100 5.01 107.43 2.12 
9 5.31 0.15 5.10 0.27 100 3.32 111.40 5.96 
15 5.09 0.24 4.96 0.54 100 5.37 108.98 11.91 
21 4.77 0.12 4.89 0.29 100 2.58 108.11 6.31 
33 4.42 0.35 3.74 0.14 100 7.76 83.64 3.22 
57 4.08 0.18 4.08 0.49 100 4.14 93.46 11.29 
105 3.36 0.19 3.58   100 4.57 86.19  
153 2.98 0.18 3.74 0.21 100 4.60 94.81 5.41 
216 4.42 0.33 3.14 0.21 100 8.90 85.53 5.67 
288 2.69 0.19 2.74 0.14 100 5.59 81.72 4.04 
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=-0.0021x + 
3.6353). 
 
  
 
Figure B-6.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 100 µg/L Cu for a 9h duration.  Each exposure data point 
(mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line for the control 
organisms was calculated to determine the exposed organisms percent deviation from the control 
organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly 
different (p <0.05) from the control at that time point. 
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Table B-7. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
double pulse exposure of 100 µg/L Cu for a 9h duration with a 24h recovery interval.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h ) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 5.60 0.27 5.60 0.27 100 5.55 113.19 5.55 
9 4.55 0.11 4.81 0.08 100 2.18 95.69 1.61 
15 5.03 0.30 4.59 0.03 100 5.81 90.28 0.68 
21 4.54 0.15 5.35 0.19 100 2.96 104.03 3.67 
33 5.60 0.28 5.54 0.31 100 5.39 105.54 5.97 
42 5.42 0.24 5.00 0.07 100 4.47 93.77 1.24 
48 5.28 0.14 5.00 0.06 100 2.53 92.88 1.14 
54 5.66 0.12 5.20 0.21 100 2.23 95.50 3.94 
66 5.49 0.20 4.84 0.05 100 3.63 87.29 0.86 
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=-0.0021x + 
3.6353). 
 
  
   
 
Figure B-7.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 100 µg/L Cu for a 9h duration with a 24h recovery interval.  
Each exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression 
line for the control organisms was calculated to determine the exposed organisms percent deviation from 
the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point. 
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Table B-8. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
double pulse exposure of 100 µg/L Cu for a 9h duration with a 48h recovery interval.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h ) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 100 µg/L Cu Control 100 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 3.39 0.18 3.39 0.18 100 3.78 71.63 3.78 
9 4.32 0.13 4.87 0.13 100 2.73 105.81 2.73 
15 4.87 0.09 4.39 0.04 100 1.97 97.30 0.87 
21 5.13 0.20 4.30 0.04 100 4.42 97.11 1.01 
33 4.93 0.04 4.97 0.02 100 1.02 117.02 0.59 
57 4.61 0.24 3.02 0.10 100 6.05 77.36 2.66 
66 3.73 0.08 3.11 0.23 100 2.13 82.62 6.08 
72 3.96 0.35 2.95 0.26 100 9.56 80.24 7.16 
78 3.15 0.05 2.88 0.03 100 1.51 80.21 0.95 
90 3.11 0.24 3.55 0.22 100 7.03 104.15 6.50 
114 2.74 0.11 3.19 0.05 100 3.63 104.42 1.63 
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=-0.0147x + 
4.7354). 
  
   
Figure B-8.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 100 µg/L Cu for a 9h duration with a 48h recovery interval.  
Each exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression 
line for the control organisms was calculated to determine the exposed organisms percent deviation from 
the control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point. 
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Table B-9. 
 
Mean whole-body Na/K-ATPase (mmol ADP/µg protein/h) and percent of control Na/K-ATPase for a 
continuous exposure of 100 µg/L Cu.  
Whole-body Na/K-ATPase Activity (mmol ADP/µg 
protein/h ) 
Percent of Control Whole-body Na/K-
ATPasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) 
Na/K-
ATPase 
Standard 
Error 
Na/K-
ATPase 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control  
Standard 
Error 
0 2.79 0.08 2.79 0.08 100 2.74 95.69 2.74 
3 2.90 0.19 3.20 0.11 100 6.51 110.02 3.78 
6 3.19 0.05 1.68 0.27 100 1.61 57.77 9.31 
9 2.46 0.03 2.77 0.15 100 0.98 95.39 5.21 
12 2.94 0.09 2.53 0.13 100 2.97 87.00 4.38 
24 2.97 0.18 3.91 0.38 100 6.29 134.97 13.26 
48 3.15 0.26 4.00 0.40 100 8.97 138.95 13.82 
96 3.72 0.17 2.53 0.06 100 5.87 88.77 2.24 
144 2.60 0.16 2.57   100 5.63 91.14   
a Percent of control Na/K-ATPase was calculated using the linear trend line of the control (y=0.0012x + 
2.9213). 
 
 
  
   
Figure B-9.  Whole-body Na/K-ATPase activity (mmol ADP/µg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed continuously to 100 µg/L Cu.  Each exposure data point (mean + 
standard error (n=3)) represents ~15 larval P. promelas.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Appendix C 
Raw Carbonic Anhydrase Results 
 
Table C-1. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a single exposure of 50 µg/L Cu for 3h duration.  
Whole-body Carbonic Anhydrase Activity (µmol H/mg 
protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time (h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 37.96 4.61 37.96 7.99 100 15.92 130.98 15.92 
3 31.26 4.78 38.74 8.29 100 16.48 133.73 20.24 
15 43.60 1.97 31.07 8.19 100 6.80 107.44 20.03 
27 27.24 0.71 28.77 1.48 100 2.47 99.64 3.63 
51 24.18 2.57 23.46 2.98 100 8.93 81.55 7.32 
99 22.26 2.48 23.01 10.28 100 8.68 80.56 25.45 
147 16.33 2.04 19.86 2.71 100 7.20 70.01 6.76 
216 19.86 2.07 19.64 8.34 100 7.38 69.97 21.00 
288 25.39 1.06 22.74 0.53 100 3.82 81.88 1.35 
360 25.17 2.70 26.83 6.26 100 9.85 97.65 16.12 
432 28.40 2.85 28.93 4.56 100 10.48 106.49 11.86 
504 37.23 5.85 33.32   100 21.78 124.01   
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=-0.0042x 
+ 28.984). 
 
  
   
Figure C-1.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 3h duration.  Each exposure data point (mean 
+ standard error (n=3)) represents ~15 larval P. promelas.  The regression line for the control organisms 
was calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
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indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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Table C-2. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a double pulse exposure of 50 µg/L Cu to 3h duration with a 0h recovery interval.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time (h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 32.19 2.31 32.19 2.31 100 6.12 85.16 6.12 
6 44.95 6.08 37.69 1.73 100 16.16 100.17 4.59 
18 49.83 2.21 41.78 2.17 100 5.92 112.06 5.83 
30 36.17 7.38 37.40 2.88 100 19.98 101.23 7.79 
54 39.14 5.53 31.82 3.45 100 15.26 87.77 9.53 
102 33.64 2.47 23.75 3.04 100 7.08 68.08 8.71 
150 26.76 4.42 33.08 9.63 100 13.19 98.72 28.73 
216 18.99 5.92 20.64 6.64 100 18.72 65.27 20.99 
288 19.70 2.76 25.76 4.89 100 9.33 87.12 16.54 
360 32.43 1.14 29.08 3.94 100 4.14 105.72 14.31 
432 26.74 6.76 27.29 1.65 100 26.55 107.26 6.48 
504 31.27 5.39 32.14 6.42 100 23.07 137.44 27.47 
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=-0.0286x 
+ 37.801). 
 
  
   
Figure C-2.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 3h duration with a 0h recovery interval.  Each 
exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line 
for the control organisms was calculated to determine the exposed organisms percent deviation from the 
control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point.
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     Table C-3. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a double pulse exposure of 50 µg/L Cu to 3h duration with a 24h recovery interval.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 32.72 4.07 32.72 4.07 100 11.60 93.18 11.60 
3 26.64 1.52 30.08 6.07 100 4.34 85.75 17.30 
15 42.79 0.60 28.97 3.79 100 1.71 82.82 10.83 
27 36.51 5.24 24.12 4.44 100 15.03 69.15 12.72 
30 34.06 2.14 17.02 3.31 100 6.13 48.82 9.50 
42 42.19 3.98 23.54 2.29 100 11.44 67.72 6.58 
54 43.61 4.43 27.17 5.59 100 12.78 78.41 16.12 
78 40.66 3.18 24.45 3.98 100 9.23 70.97 11.57 
126 28.94 1.63 27.11 3.08 100 4.78 79.62 9.04 
174 30.05 4.50 24.27 2.74 100 13.37 72.13 8.14 
216 22.70 1.72 17.16 4.76 100 5.17 51.53 14.28 
288 20.95 1.25 28.11 5.21 100 3.84 85.99 15.93 
360 28.68 2.42 21.69 0.76 100 7.54 67.59 2.38 
432 36.50 8.65 33.89   100 27.49 107.65  
504 40.08 7.38 29.99   100 23.89 97.12   
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=-0.0084x 
+ 35.118). 
  
Figure C-3.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 3h duration with a 24h recovery interval.  Each 
exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line 
for the control organisms was calculated to determine the exposed organisms percent deviation from the 
control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point.
* 
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     Table C-4. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a double pulse exposure of 50 µg/L Cu to 3h duration with a 96h recovery interval.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 21.49 0.97 21.49 0.97 100 2.99 66.15 2.99 
3 30.83 0.52 27.06 4.24 100 1.60 83.40 13.06 
15 38.06 2.75 26.95 2.05 100 8.52 83.44 6.33 
27 33.62 2.89 23.86 2.55 100 9.00 74.22 7.92 
51 35.33 2.69 26.47 1.15 100 8.45 83.10 3.61 
99 31.14 5.46 25.87 1.23 100 17.48 82.76 3.95 
102 39.09 0.79 28.28 3.00 100 2.53 90.57 9.60 
114 34.64 3.82 30.25 4.18 100 12.28 97.36 13.47 
126 31.84 2.10 22.38 2.16 100 6.78 72.39 6.98 
150 29.84 4.54 21.89 6.55 100 14.81 71.47 21.39 
198 23.61 3.63 10.56 0.70 100 12.10 35.16 2.32 
246 27.06 3.76 17.02 3.79 100 12.76 57.82 12.87 
288 22.72 2.04 28.98 1.50 100 7.06 100.23 5.20 
360 30.41 3.39 32.31 3.71 100 12.12 115.32 13.25 
432 30.65 6.30 29.26 2.17 100 23.22 107.85 8.01 
504 25.79 2.29 32.64 3.50 100 8.71 124.42 13.34 
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=-0.0084x 
+ 35.118). 
 
  
 
Figure C-4.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 3h duration with a 96h recovery interval.  Each 
* * 
* 
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exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line 
for the control organisms was calculated to determine the exposed organisms percent deviation from the 
control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point. 
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Table C-5. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a single pulse exposure of 50 µg/L Cu for 9h duration.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 21.05 3.33 21.05 3.33 100 14.16 89.43 14.16 
9 29.53 3.94 20.63 1.29 100 16.85 88.15 5.52 
21 25.72 2.92 15.68 5.02 100 12.57 67.54 21.60 
33 26.55 2.89 11.34 2.30 100 12.54 49.24 9.99 
57 16.80 2.40 8.69 0.39 100 10.57 38.36 1.74 
105 18.75 3.62 11.61 2.18 100 16.53 52.94 9.96 
153 18.46 1.65 9.27 0.07 100 7.80 43.75 0.31 
216 21.86 2.16 12.11 5.69 100 10.66 59.88 28.13 
288 10.56 1.17 8.22 0.99 100 6.09 42.98 5.18 
360 31.09 5.48 14.31 4.50 100 30.37 79.36 24.97 
432 12.98 0.52 24.73 0.40 100 3.06 146.12 2.39 
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=-0.0153x 
+ 23.536). 
  
  
Figure C-5.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 9h duration.  Each exposure data point (mean 
+ standard error (n=3)) represents ~15 larval P. promelas.  The regression line for the control organisms 
was calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point.
* 
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      Table C-6. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a double pulse exposure of 50 µg/L Cu for 9h duration with a 0h recovery interval.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 20.88 8.22 20.88 8.22 100 27.34 69.42 27.34 
18 43.33 2.55 23.75 2.67 100 8.58 79.86 8.97 
30 34.69 1.97 16.27 1.55 100 6.67 55.10 5.26 
42 24.86 9.01 12.53 3.48 100 30.75 42.75 11.86 
66 26.94 3.04 12.07 4.05 100 10.52 41.82 14.04 
114 39.36 5.12 24.55 0.74 100 18.30 87.73 2.65 
162 24.99 2.22 22.90 6.15 100 8.18 84.53 22.69 
216 38.48 0.81 38.20 0.77 100 3.10 146.35 2.93 
288 34.38 1.69 32.36 3.85 100 6.82 130.58 15.56 
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=0.0184x 
+ 30.078). 
 
  
  
Figure C-6.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 9h duration with a 0h recovery interval.  Each 
exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line 
for the control organisms was calculated to determine the exposed organisms percent deviation from the 
control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point. 
* 
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Table C-7. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a double pulse exposure of 50 µg/L Cu for 9h duration with a 24h recovery interval.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 20.56 4.78 20.56 4.78 100 15.87 68.29 15.87 
9 23.23 4.89 19.50 2.33 100 16.29 64.91 7.74 
21 27.26 4.26 27.38 4.75 100 14.21 91.38 15.85 
33 41.35 6.32 14.26 2.27 100 21.16 47.73 7.61 
42 31.28 3.24 22.59 3.49 100 10.86 75.73 11.69 
54 34.41 2.67 19.54 1.60 100 8.98 65.69 5.37 
66 42.30 1.84 24.20 3.90 100 6.22 81.58 13.16 
90 36.25 6.77 11.25 0.96 100 22.94 38.14 3.26 
138 17.64 1.85 17.00 2.52 100 6.33 58.26 8.63 
186 27.17 0.79 28.44 5.10 100 2.75 98.54 17.68 
288 22.75 1.93 25.57 6.26 100 6.84 90.75 22.21 
360 21.91 1.13 35.67 7.34 100 4.07 128.79 26.50 
432 24.09 6.72 16.63 0.19 100 24.69 61.11 0.71 
504 36.48 8.00 31.00 21.10 100 29.92 116.00 78.94 
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=0.0184x 
+ 30.078). 
 
  
   
Figure C-7.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 9h duration with a 24h recovery interval.  Each 
exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line 
* 
* 
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for the control organisms was calculated to determine the exposed organisms percent deviation from the 
control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point. 
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Table C-8. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a double pulse exposure of 50 µg/L Cu for 9h duration with a 96h recovery interval.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 19.26 0.51 19.26 0.51 100 1.59 60.64 1.59 
9 26.79 4.87 24.26 4.79 100 15.34 76.40 15.10 
21 35.41 1.34 30.93 3.17 100 4.23 97.47 9.98 
33 39.33 0.43 24.49 2.21 100 1.35 77.23 6.97 
57 30.06 5.20 14.10 3.30 100 16.43 44.51 10.43 
105 34.13 4.95 25.02 1.28 100 15.68 79.20 4.07 
114 37.30 3.13 26.60 2.37 100 9.91 84.24 7.50 
126 37.35 2.64 24.80 4.12 100 8.37 78.59 13.06 
138 27.24 0.38 15.43 5.15 100 1.21 48.94 16.35 
162 23.50 2.46 21.08 4.55 100 7.81 66.94 14.45 
210 25.34 1.78 20.42 0.73 100 5.68 65.00 2.34 
258 24.56 2.28 20.68 3.35 100 7.26 66.00 10.68 
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=-0.017x 
+ 31.767). 
 
  
   
Figure C-8.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed to 50 µg/L Cu for 9h duration with a 96h recovery interval.  Each 
exposure data point (mean + standard error (n=3)) represents ~15 larval P. promelas.  The regression line 
for the control organisms was calculated to determine the exposed organisms percent deviation from the 
control organisms.  Arrows indicate exposure initiation.  Asterisks indicate a copper treatment that is 
significantly different (p <0.05) from the control at that time point.
* * 
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      Table C-9. 
 
Mean whole-body carbonic anhydrase (mmol ADP/µg protein/h) and percent of control carbonic anhydrase 
for a continuous exposure of 50 µg/L Cu.  
Whole-body Carbonic Anhydrase Activity (µmol 
H/mg protein/h ) 
Percent of Control Whole-body Carbonic 
Anhydrasea 
 Control 50 µg/L Cu Control 50 µg/L Cu 
Time 
(h) CA 
Standard 
Error CA 
Standard 
Error 
% 
Control  
Standard 
Error 
% 
Control 
Standard 
Error 
0 32.23 3.36 32.23 3.36 100 9.96 95.65 9.96 
3 31.86 4.18 24.01 1.20 100 12.49 71.73 3.59 
6 33.19 1.87 27.46 4.19 100 5.62 82.56 12.60 
9 34.02 3.12 21.45 3.91 100 9.44 64.92 11.84 
12 31.50 0.89 23.31 1.57 100 2.70 71.01 4.77 
24 40.05 1.86 27.81 1.37 100 5.82 87.01 4.28 
48 25.17 3.51 19.46 3.80 100 11.60 64.38 12.55 
96 26.93 1.82 14.15 4.04 100 6.79 52.84 15.08 
144 23.64 1.84 13.52 0.74 100 7.90 58.00 3.17 
a Percent of control carbonic anhydrase was calculated using the linear trend line of the control (y=-0.0721x 
+ 33.693). 
 
  
   
Figure C-9.  Whole-body carbonic anhydrase activity (µmol H/mg protein/h) response of larval fathead 
minnows (Pimephales promelas) exposed continuously to 50 µg/L Cu.  Each exposure data point (mean + 
standard error (n=3)) represents ~15 larval P. promelas.  The regression line for the control organisms was 
calculated to determine the exposed organisms percent deviation from the control organisms.  Arrows 
indicate exposure initiation.  Asterisks indicate a copper treatment that is significantly different (p <0.05) 
from the control at that time point. 
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